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Abstract
The first part of this thesis deals with a mechanistic investigation into the
conversion o f the known benzyne complex, Ni(r|2 -C 6 H 2 F2 )(PEt3 )2 , to the novel dinuclear
Ni(I)-Ni(I) complex, (PEt3)4Ni2(p2-C6H2-4,5-F2)2.

The coupling of two molecules of

Ni(r|2 -C6 H 2 F2 )(PEt3 ) 2 does not result in the formation of (PEt3)4Ni2(n2-C6Fl2-4,5-F2)2.
There is a rearrangement in the disposition of the hydrogen atoms from para disposed in
Ni(r)2 -C6 H2 F2 )(PEt3 ) 2 to ortho disposed in (PEt3)4Ni2(n2-C6H2-4,5-F2)2, which was found
to be the result o f C-H bond activation catalyzed by Ni(0).
involving

the

isolated

reaction

intermediates

9

Proposed mechanisms
9

Ni2 (p-r) :r| -C6 H2 F2 )(PEt3 ) 2

9

(PEt3 )2 (PMe3 )2 Ni2 (r) -C6H2-3,4-F2)2 are given and supported by

10

and

F NMR spectroscopy

and deuterium labelling studies.
The second part of this thesis deals with the formation and characterization of an
organized transition metal cluster. A novel tripodal ligand design was developed that
involves both amido and phosphine donor groups. An organized copper(I) cluster,
[P(CH2NC6H3-3,5-(CF3)3)3]2Cu9(p-2,4,6-Me3C6H2)3 was synthesized by reacting the
ligand, [P(CH2NC6H3-3,5-(CF3)3)3], with mesitylcopper.

The cluster contains eight

copper(I) centres arranged in a zig-zag motif around a central copper(I) atom and is
soluble in pentane.

iii
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1. Introduction
T he fo c u s o f this th esis b egan so m ew h a t seren dip itously.

In an attem pt to

sy n th esize the k n ow n n ick el b en zy n e co m p lex , N i(ri2-C 6 H 2 F 2 )(PE t 3 ) 2 1, to test its p o ssib le
reactivity w ith dinitrogen co m p lex e s, w e isolated the dinuclear n ick el(I) co m p lex ,
(PE t3)4N i2(ii2-C 6H2-4,5-F2)2.

Et3R

1 % Na/Hg

\

- X

/

--Et,P

Br
Et,P
PEt.
Ni'
1% Na/Hg

F

PEt3

Figure 1. Initial attempt to form Ni(t| -C6H2F2)(PEt3)2.

This complex was of interest because of its Ni(I)-Ni(I) bond, as well as the
disposition of the hydrogen atoms on the aryl rings, which were no longer para disposed
as they were in the starting material, NiBr(2 -Br-4 ,5 -F2 C6 H2 )(PEt3 ) 2 and are in the desired
benzyne complex. In (PEt3 )4 Ni2 (ri2 -C6 H2 -4 ,5 -F2 )2 , the hydrogen atoms on the aryl rings
are now ortho-disposed, which raised the question of how this had occurred. C-H bond
activation with nickel is quite rare ' especially under mild conditions. Our system is
unique in that the C-H bond activation with nickel has never been observed before in the
presence of C-F bonds. Nickel has been shown to prefer C-F bond activation over C-H
bond activation6'9.
The following introduction contains information about general C-H bond
activation and why finding an ambient system with economical catalysts is important; the
site-directed Murai C-H bond activation using transition metal catalysts, which relates to

1
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our system in that it is a specific C-H bond that is activated; previous examples of nickel
catalyzed C-H bond activation; C-F bond activation involving nickel complexes in the
presence of C-H bonds, which is typical behaviour for nickel; and a comparison of nickel
to the other Group 10 metal, platinum, involving C-F and C-H bond activation. The
second portion of the introduction involves general information about nickel complexes,
including a brief introduction to Ni(I) and typical reactivities of nickel benzynes.

1.1. C-H Bond Activation

The development of facile methodologies to functionalize C-H bonds has long
been considered one of the greatest challenges in chemistry10' 14.

Transition metal

complexes are often used in these types of reactions. Despite the use of these complexes,
the reaction conditions often have to be extreme, and involve costly transition metals in
order for the activation to occur with good yields. There are various reactions which rely
on C-H bond activation. These include, polymerization reactions, the formation of
precursors for various common organic reactions, as well as the conversion of methane to
methanol in industry10' 12’15,16.
Unstrained alkanes have been long known to be very unreactive species10,14. The
C and H atoms possess the same number of valence electrons as they have valence
orbitals. The C-H bond is quite strong, with dissociation energies of up to 110 kcal/mol.
Also, the low polarity of the C-H bond plays a role in its unreactive nature. The poor
reactivity of alkanes requires that extreme conditions or highly reactive reagents must be
used during syntheses involving alkanes as reagents. However, under these conditions,
the selectivity is decreased, leading to the possibility of forming multiple products.
The process of C-H bond activation involves the breaking of a C-H bond at some
point during the reaction. There are various ways in which this can be done11. By using
extreme temperatures of 900 -2000 °C, alkanes can be converted to more reactive
carbenes and radicals. Irradiating alkanes with light can form radical species as well.
This method allows for more ambient temperatures to be used. An example of this is the
irradiation of methane at X= 121.6 nm, which produces species such as H2 , CH, H \ and
CH2 . These species can then combine to form such products as H2 CM2 H2 and HC=CH,

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

which are much more reactive than the initial CH4 molecule, due to their unsaturated
multiple bonds.

The usage of metal complexes has become a more common way to

activate C-H bonds under less extreme conditions. As seen in Scheme l 13, there are two
common mechanisms by which C-H bond cleavage can occur. The first step involves the
formation of the alkane complex A. This complex can either undergo oxidative addition
to form complex B, or proton loss to form complex C.

Scheme 1

RH

C
M = transition metal
R = alkyl group
Ln = ancillary ligands

1.2. C-H Bond Activation for Methane Transport

Oxidative addition reactions can be useful in functionalizing typically inert alkane
species for not only fundamental purposes, but for industrial purposes as well. However,
finding transition metal complexes which are both economically attractive and can act
under ambient conditions is difficult.
Methane from natural gas is relatively abundant, but only in selected locations.
While methane would be an excellent source of energy, the transportation of methane as a
gas is not economically viable12. However, if methane could be converted to methanol,
widespread transportation o f this valuable resource would be possible, thus providing a
precious energy source. This would ease the reliance on petroleum. In order for this
conversion to occur, C-H bond activation of methane would have to occur (Equation 1).

3
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Equation 1
CH4

+

1/2 0 2

—

CH3OH

The difficulty in the selective partial oxidation of methane to produce methanol is
due to the ease in which CH 4 is overoxidized to form CO2 . In the early 1960’s, several
attempts were made to react alkanes with low-valent metals, but none were successful. It
wasn’t until 1969, when Shilov demonstrated the ability of PtCU2" to catalyze H/D
exchange between CH3 COOD and several alkanes1 1 that the possibility of using metals
for C-H bond activation became a mainstream idea. Since then, metals have been very
useful in the activation o f alkanes. In 1993, Periana et al. reported a mercury-catalyzed
process for the oxidation o f methane to methanol that was high yielding, approximately a
43% yield with the main side product being CO2 16. This preparation was later optimized
with the usage o f platinum catalysts instead of mercury15. Platinum complexes with
bidiazine ligands were uses as catalysts, and exhibit good selectivity and stability. It was
found that these complexes could convert methane to methanol in greater than 70% onepass yields at relatively low temperatures. An example of this involves the reaction of
(bymp)PtCl2 (Figure 2) with methane and H2 SO4 at 220°C for 2.5 hours. This resulted in
a 90% conversion o f the methane and the formation of methyl bisulfate with 81%
selectivity. The methyl bisulfate product is the protected version o f methane. This means
that this compound is safe from further oxidation. The methyl bisulfate product can then
undergo hydrolysis to finish the conversion to methanol (Figure 3).

n
X /pt:
u

NL

^C l
^

Cl

Figure 2. Structure of (bpym)PtClj (bpym = bipyrim idine)
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x= o s o 3h
bpym = bipyrimidine
Figure 3. Methanol production from methane

1.4. Murai Selective Bond Activation

Out of a desire to selectively use typically inert C-H bonds in organic synthesis,
Murai and others have developed methodologies for the selective activation of C-H
bonds.

These reactions involve using transition metal catalysts which are typically

rhodium or ruthenium complexes, and organic molecules with a functional group capable
of assisting selective C-H bond activation by complexation to the metal complex. As
seen in Figure 4 17, many of the organic substrates that were chosen for these reactions
contain nitrogen, which directs the interaction of the catalyst with the appropriate C-H
bond. A, B, and C from Figure 4 all contain a pyridine fragment. However, in A, it is the
C-H bond y to the N that is effected, while in B and C it is the a and P C-H bond
respectively.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

■xJy-

5 = functionalized C-H bond
Figure 4. N itrogen-containing substrates in the selective C-H bond functionalization reactions
developed by M urai.

It was found that reactions of the catalyst with such organic substrates resulted in
highly efficient and selective reactions. This is believed to be due to the coordination of
the sp2 nitrogen donor to the catalyst, as shown in the first step of the proposed
mechanism, shown in Scheme 217, where Ru3 (CO)i2 is the metal catalyst. This particular
organic fragment reacts with the C-H bond that is in the y position to the pyridine
nitrogen, which is cleaved to form a six-membered ring containing ruthenium. The
ethylene that is added into the reaction inserts into the Ru-H bond. Carbon monoxide
then insertes into the ethyl-Ru bond.

Reductive elimination then takes place, which

regenerates the ruthenium catalyst and forms the newly functionalized organic compound.

6
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Scheme 2

[Ru]

[Ru]— N

H2C=CH2

-[Ru]

[Ru]- Ru3(CO)12

Murai has also done work with ruthenium catalysts using non-nitrogen containing
18

complexes. In these cases, ketone or ester functional groups interact with the catalyst .
A different ruthenium catalyst from above, RuH 2 (CO)(PPh3 )3 , is used for these reactions,
but the overall mechanism remains the same.

Murai has synthesized a series of

ruthenium complexes for similar reactions, such as Ru(PPh3 )3 (CO)(C 2 H4 ) and RuH(oC6 H4 C(0)CH 3 )(PPh3)219.
The above examples dealt with the activation of sp C-H bonds, but the same
principles can be applied to sp 3 C-H bonds. Similarly, a pyridine nitrogen is used to
direct which C-H bond is involved in the reaction. For these types of reactions, typically
a rhodium catalyst, such as [RhCl(CO)2 ] 2 is used 20

7
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1.5. C-F Bond Activation in the Presence of C-H Bonds

Nickel is well known to participate in C-F bond activation, and will choose C-F
bond activation over C-H bond activation. In the rare occasions in which nickel does
perform C-H bond activation2'5’21, there were never any C-F bonds present in the
molecule. Nickel bisphosphine fragment precursors, such as (COD)Ni(PEt3 )2 , are highly
selective in C-F bond activation over C-H bond activation, when involving fluorinated
aryl and azaheterocycles. Perhaps the first C-F bond activation by nickel was reported by
Fahey and Mahan in

19776.

When (COD)Ni(PEt3 ) 2

is gently heated with

hexafluorobenzene, the C-F bond activated product, NiF(C 6 Fs)(PEt3 ) 2 is formed
(Equation 2).
Equation 2

PEt.
Ni(COD)2

F— Ni

+ 2 PEt3

PEt.

This product was isolated in a 7% yield and gradually decomposed at 3CPC. A
more thorough study of this reaction was done by Cronin et al. 20 years later, where the
product was isolated and characterized crystallographically7. This reaction can also be
carried out by Ni(PEt3 )4 , in the absence of COD. As previously observed by Fahey et al.,
Ni(PEt3 ) 4 undergoes dissociation in solution, producing free triethylphosphine and
Ni(PEt3)„ species (Equation 3)6.
Equation 3

Ni(PEt3)4

-

—

Ni(PEt3)3

+

PEt3 -

Ni(PEt3)2

+ 2 PEt3

Both the bis and tris phosphine fragment can be observed in the 31P{'H} NMR
spectrum. Cronin et al. also observed that no C-H bond activation of benzene or partially
fluorinated benzenes occurs, whereas C-F bond activation will readily occur with
8
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hexafluorobenzene.
manner.

Other C-F bond activation products can be formed in a similar

Ni(COD ) 2 can be treated in a stepwise manner with PEt3 and 2,4,6-

trifluoropyrimidine to form a C-F bond activated product22 (Equation 4).

Equation 4

F

PEtNi(COD)2

F— Ni

+ 2 PEt3

PEt.

N =<

This C-F bond activation product is formed rapidly and in a 72% yield, all while
under ambient conditions. In 1996, Seevogel et al. found another C-F bond activation
through the substitution of a benzene ring with an electron poor hexafluorobenzene,
o
followed by gentle heating (Equation 5) .

Equation 5

^

tBu2PN^

P*Bu2

Ni

Bu

Bu

•P \
/ N' \
Bu

Ni

c 6f 5

*P‘
Bu

Bu

This reaction resulted in the destruction of a dinuclear nickel benzene bridged
phosphine complex to form a stable mononuclear nickel hexafluorobenzene complex in a
58% yield.

The isolated complex is quite stable, decomposing at 115°C.

These

9
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complexes mentioned are clearly effective C-F bond activators but not C-H bond
activators.

1.6. C-H Bond Activation by Nickel Complexes.

There are a few examples of C-H bond activation by Ni2-4. Most often there are
additional factors in the reaction which render the products thermodynamically viable, but
never in the presence o f C-F bonds. An example of this is reaction of Nil2 with {1,3,5(CH3 )3 -2 ,6 -(CH 2 P'Pr2 )2 -C 6 H}23. In order to produce the C-H bond activated product
[Ni{l-CH 2 -2 ,6 -(CH2 P‘Pr2 )2 - 3 ,5 -(CH3 )2 -C6 H}I], the two reactants must be heated at 130°C
for 5 hours in ethanol. The heating of the ri2-olefin complex (dippe)Ni(CH 2 CHCH2 CN)
to a less extreme temperature resulted in the formation of several new species, including
the C-H bond activation product (dippe)Ni(r) -C=C-Crotononitrile). Both the cis- and
trans- complexes are formed24(Equation 6 ).

Equation 6

/C N

NC

A
C -H Activation

Ni

CN

Ni

T H F -d 8

cis

trans

There are rare cases in which C-H bond activation by Ni(0) can occur under less
harsh conditions3,4. As seen in Equation 7, C-H bond activation can occur at room
temperature. This is an example of a C-H bond that is easy to activate because of the
attached substituents. In this case, the resulting complex is a nickel hydride cation that is
stabilized by a BFT anion.

10
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Equation 7

1.7. Comparison of C-F and C-H Bond Activation by Zerovalent Ni and Pt

Platinum and nickel are both Group 10 transition metals, but their ability to
participate in C-H bond activation varies greatly. Density functional studies have been
performed involving the comparison of late transition metal complexes with zerovalent
nickel and platinum. Early transition metal complexes such as Cp*Re(CO)3 , have long
been observed to be effective in C-H bond activation25. However, late transition metals
were found to have different reactivity.

As previously shown by Cronin et al.,

pentafluorobenzene undergoes C-F bond activation with a Ni(0) source, but benzene will
not undergo C-H bond activation. This case differs for the third row transition metal,
platinum. In 1988, Whitesides et al. studied the reaction of the Pt(0) complex Pt(dcpe)
with benzene.

It was found that C-H bond activation did occur, producing

HPt(dcpe)(C6 H5) (Equation 8 )26.

Equation 8

It should be noted that not all Pt(0) complexes react in an analogous manner.
Hoffmann demonstrated that Pt(dtbpm) does not undergo C-H bond activation with
benzene27. It did, however, react with hexafluorobenzene to form the C-F bond activated
11
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product. Stone et al. has also shown that Pt(PCy3 ) 2 reacts with pentafluorobenzene to
form only Pt(PCy 3 )2 (C6 F5)H, the C-H bond activation product, and none of the C-F bond
activation product28.
While Pt and Ni are both group 10 transition metals, it is obvious that they have
different reactivities when it comes to C-H and C-F bond activation. Density functional
studies have been done to compare the abilities of zerovalent Ni and Pt complexes to
selectively activate C-H and C-F bonds9. These studies concluded that nickel systems
were better than the platinum systems for selective C-F bond activation. There were
found to be two reasons for this, a low kinetic barrier and thermodynamic preference for
C-F bond activation.
For the calculations, the complexes Ni(H2PCH2CH2 PH 2 ) and Pt(H2PCH2CH2 PH2 )
were examined. Calculations were performed for the reaction of Ni(H2PCH2CH2 PH 2 )
with C6F6 to produce the C-F bond activated product Ni(H2PCH 2 CH2 PH2 )(C6 F5)F. The
results showed that the product possesses a typical square-planar structure about the
nickel center, with no abnormal bond lengths or angles. There are two transition states
possible for the reaction which were found to have relatively low energies, with the first
transition state, which would lead to the cleavage of the C-F bond, having an energy
almost identical to that of the free reactants. Overall, the computational calculations seem
to support experimental findings, in that while a strong driving force for C-F bond
cleavage exists, an activation barrier of 22.5 kcal m ol'1, requires that thermal activation be
applied for the reaction to take place. When CgFe is replaced with C6H6 in the reaction, it
is found that the cleavage of the C-H bond is a highly endothermic process. This results
in the formation o f an ri2-aryne complex rather than the C-H bond activation product due
to a lack of thermodynamic driving force. There was calculated to be an activation
1
0
energy of 20.4 kcal mol' to form the r\ -aryne and cleave the C-H bond.
The comparative examination of the Pt complex shows a transition state of
significantly higher energy for Pt over that of the Ni for the C-F bond activation process.
The M-F bond distances were also found to vary. The Pt-F distance was found to be 0.22
A longer than that of the Ni-F length. This is believed to be due to repulsion between the
5d7t orbitals o f the Pt and the p7t orbitals of the F. The M-H and M-F bond strengths were
also compared using the partially fluorinated aromatic system, C6 F 5 H.

Utilizing this

12
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aromatic group, the metal would have a choice of two products to form, the C-H or the CF bond activation product as seen in Scheme 3. It was found that for both the Ni and Pt
systems, the C-F bond activation was preferred, and Ni had a stronger preference for C-F
bond activation than Pt.
For the C-H bond activation processes, it was found that the Pt-H product was
much more stable than that of the Ni, with the energy of the product lying 12.6 kcal mol*1
below the free reactants. This highly stable Pt-H product is due to the lack of dn-pn
interactions, which enable the Pt to have both a stronger interaction with the C-H bond,
and allows the formation of the Pt-C bond to be more complete.

Scheme 3

H2

■ \ l\M

M=Ni, Pt

+

1. Pt favourable; Ni
unfavourable
2. Ni and Pt both
favourable

h2
F

F

2.

Introduction to Nickel Chemistry

Nickel is a Group 10 transition metal that can be found in several different
oxidation states. One of the rather uncommon states is the +1, d9, state. There are few
examples o f organometallic Ni(I) complexes, and even more rare is the presence of a
dinuclear Ni(I) complex which contains a true Ni(I)-Ni(I) bond.

2.1. Nickel

Nickel is found throughout nature in a number of forms. It often combines with
other elements such as arsenic to form red nickel ore, NiAs, and with magnesium and
13
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silicon to form gamierite. The most common oxidation states of nickel are 0 and +2,
however, there are examples of nickel complexes with nickel in the oxidation state o f + 1 ,
+3, and +4.

Ni(II) compounds are perhaps the most common of all of the nickel

compounds. These compounds commonly adopt square planar or tetrahedral geometries.
In strong ligand fields, and in the absence of competing steric effects, the preferred
geometry of Ni(II) complexes is square planar since the d8 configuration allows the high
energy dx2_y2 to be unoccupied (Figure 5).

The majority of these complexes are

diamagnetic and are red, yellow, or brown in colour due to an absorption band in the 450600 nm range.
d x2-y2

Energy

4
4

'xy

d z2
d xz >d yz

Figure 5. Crystal field splitting diagram of the d-orbitals for square planar Ni(II).

2.2. Ni(I) Complexes
Ni(I) complexes are not as common as their Ni(0) and Ni(II) counterparts.
However, Ni(I) plays an important role in biological process2 9 and catalysis30.
Monomeric Ni(I) complexes are d9, which makes these types of compounds
paramagnetic.

Most monomeric Ni(I) complexes contain phosphine ligands and are

tetrahedral in geometry. This is due to the fact that the phosphine ligands are too bulky to
adopt a square planar geometry due to the restrictive angles this geometry possesses.
However, the larger angles of the tetrahedral geometry provide enough room for these
bulky ligands.
Ni(I) complexes are quite often seen as intermediates in reactions, although they
are often not stable enough to isolate. This often results in the disproportionation into

14
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Ni(0) and Ni(II) complexes. This is a common practice with Ni(I) species that contain
oxygen or nitrogen ligands.

Oxygen or nitrogen ligands cause the Ni(I) species to

become unstable, both thermodynamically and kinetically, with respect to the
disproportionated Ni(0) and Ni(II) complexes that could alternatively be formed.
Complexes containing a Ni(I)-Ni(I) bond are even more rare than their monomeric
counterparts. Perhaps the best known complex containing a Ni(I)-Ni(I) bond is that of the
anionic hexacyano nickel anion, that was first crystallized by Nast31 in 1970.
4-

CN
NC— Ni

vCN
Ni— CN

I NC
CN
Figure 6. Hexacyanonickel(I) dimer.

2.3.Nickel Benzynes

Unsaturated complexes have been long known to have high reactivity, thus
benzyne complexes seemed like a natural staring point for trying to insert inactive
compounds such as N 2 .

Transition metal benzynes complexes were first know as

transient intermediates in decomposition pathways involving titanocene and zirconocene
complexes32. The first isolated benzyne complexes were that of tantalum and niobium.
0
r
C
The r| -benynes were formed through the thermolysis of Ta(ri -CsMe5 )PhMe3 , or Nb(r| C 5 Me5 )PhMe3 (Equation 9).
Equation 9

M = Ta, Nb

15
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It was later found that r\ -benynes of titanium, zirconium, vanadium,
molybdenum, tungsten, rhenium, and ruthenium could be made through the elimination of
benzene from similar compounds to that of the tantalum and niobium.
For the late transition metals, such as nickel, platinum, and palladium, the same
methodology for benzyne formation used for the early transition metals does not apply.
Reducing agents are required to form late transition metal benzynes. 1% Na/Hg amalgam
was used in the presence of a dibromocycloalkane and zerovalent late transition metal
complex. Using this method, the first benzyne complexes involving the late transition
metals platinum and palladium were formed. It was believed that nickel benzynes could
be formed in the same manner as the other group 10 benzynes, but it proved to be more
difficult and resulted in poor yields.

It was later found that the easiest method for

forming Ni(0)-benzynes complexes was to synthesize the (2-halogenoaryl)nickel(II)
halide complex first, and then reduce it to form the desired benzyne complex (Equation
10). This two step method proved to be a higher yielding synthesis rather than the one
step method directly from the 1,2-dibromoarene and the Ni(0)-phosphane.

Equation 10

X.
N i(C O D )2

♦

2 PE ,,

X* T

Y

Br

PE\3

B-

x'

/
Et,P

Nk

Br

Li

PEt3

— Ni
PEt,
X = H, F

The reactivity o f (r|2-benzyne)Ni(0) complexes is not that well investigated. It is
known that these types o f complexes can readily undergo insertion reactions with various
compounds, such as carbon dioxide and ethylene (Figure 7), as well as react readily with
acetylenes to produce various organic products1.

16
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CO,

Cy2

p.

P'
Cy2
Ni

/ \

C,H.
2n 4

Cy2P^

^PCy2

Et
Et

PEt,
-Ni

\

E tC =C E t
PEt,

Et
Et

Figure 7. Insertion reactions for a nickel(O) benzyne.

It has also been shown that free benzyne in solution will insert itself rapidly into
the nickel-benzyne bond to form a biaryl nickel complex.

This often occurs in the

presence of bases, which can form free benzyne by deprotonation of aromatic halides. As
seen in Equation 11, when LiTMP reacted with the chlorobenzene and Ni(dcpe)(r) C2H4).

The benzyne is initial complex formed, but reacts with free benzyne that is

formed by the disproportionation of chlorobenzene. This results in insertion the benzynenickel bond.

17
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Equation 11

Cy2
Ni(dcpe)(t| 2-C 2H4)
Ni
LiTMP

P
Cy2
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3. Experimental Data
3.1. General Procedures
The materials discussed in this report are oxygen and/or moisture sensitive. All
reactions were performed under an atmosphere of dry oxygen-free dinitrogen by means of
standard Schlenk or glovebox techniques. THF was dried over Na/benzophenone and
distilled. All other solvents were purified using a Grubbs’ type column system produced
by Innovative Technology.
CeD6 was dried over Na/K and degassed by three ffeeze-pump-thaw cycles. 'H,
31

P{ 1H},

19

F, ^C l'H }, and variable-temperature NMR spectra were recorded on a 500

MHz or 300 MHz Bruker Spectrometer. Chemical shifts are reported in ppm, relative to
an external standard (C6 D 5 H at 7.15 ppm for 'H spectra, phosphoric acid for
spectra, and trifluoroacetic acid for 19F spectra).
BrNi(PEt3 )3 6,

2,2'-dibromobiphenyl33,

31

P{*H}

NiBr(2 -Br-4 ,5 -F2 C6 H 2 )(PEt3 )2 1,

2,3-diiodofluorobenzene34, Ni(COD)2 35, and

Ni(PEt3 )4 6 were synthesized as per previously documented literature. l,2-dibromo-4,5difluorobenze was purchased from Avocado.

All other chemicals and reagents were

obtained from Aldrich Chemical Company. Elemental analyses were performed by Ebru
Ekici.
X-ray crystallography was performed by Dr. Samuel A. Johnson. The X-ray analysis
of the complexes were studied using a Siemens SMART System CCD diffractometer.
The X-ray structures were obtained at low temperature, with the crystal covered in
Paratone and placed rapidly into the cold N2 stream of the Kryo-Flex low-temperature
device. The data were collected using the SMART36 software on a Bruker APEX CCD
diffractometer using a graphite monochromator with Mo Ka radiation (A, = 0.71073 A).
Data reductions were performed using the SAINT37 software, and the data were corrected
for absorption using SADABS.

-5 0

The structures were solved by direct methods using

SIR9739 and refined by full-matrix least-squares on F2 with anisotropic displacement
parameters for the non-H atoms using SHELXL-9740 and the WinGX41 software package,
and thermal ellipsoid plots were produced using ORTEP32.42

19
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3.1.1. Synthesis of Ni(ti2-C6H 2F 2)(PEt3)2, 1 - Method I
A previously documented procedure was originally followed but was not
successful, thus a revised method was followed. To a stirred solution of NiBr(2-Br-4,5F2 C6 H2 )(PEt3 )2 1 (0.5 g, 0.000882 mol) in 25 mL pentane was added 1% Na/Hg (25 g,
0.01 lmol Na). The solution was stirred for 4.5 h and then filtered through Celite. Ni(r|2C6 H2 F2 )(PEt3 ) 2 was recrystallized from pentane as a yellow solid (0.20 g, 56 % yield). 'H
NMR (C6D6, 298 K, 300 MHz):
Vhf

8

0.90 (m, 18H, CH3), 1.28 (m, 12H, CH2), 7.40 (t, 2H,

= 6.0 Hz). 31P{1H} NMR (C6D6, 298 K, 202.47 MHz): 8 28.7 (s). 19F NMR (C6D6,

298 K, 282.48 MHz):

8

-63.02 (t,

3J Hf

= 6.0 Hz).

3.1.2. Synthesis of Ni(ri2-C6H 2F2)(PEt3)2, 1 - Method II
To a solution of Na naphthalene (2.02 g, 0.0878 mol Na, 0.0045 g, 0.0000352 mol
naphthalene) in 25 mL THF was added Ni(2-Br-4,5-F2C6H2)(PEt3)21 (1.0 g, 0.00176
mol). The solution was stirred for 2.5 h. The solvent was removed under vacuum, and
the brown residue was extracted with pentane. The solution was then filtered through
Celite and recrystallized at -40 °C to yield Ni(r|2-C 6 H2 F2 )(PEt3 ) 2 (0.195 g, 54 % yield). ).
‘H NMR (C6D6, 298 K, 300 MHz):

8

0.90 (m, 18H, CH3), 1.28 (m, 12H, CHi), 7.40 (t,

2H, 3J Hf = 6.0 Hz). 31P{!H} NMR (C6D6, 298 K, 202.47 MHz): 8 28.7 (s). 19F NMR
(C6D6, 298 K, 282.48 MHz):

8

-63.02 (t, 3J Hf = 6.0 Hz).

3.1.3. Synthesis of (PEt3)4Ni2(ii2-C6H2-4,5-F2)2,3.
To a stirred solution of NiBr(2-Br-4,5-F2C6H2)(PEt3)2' (0.5 g, 0.88 mmol) in 20
mL of pentane over excess 1% Na/Hg amalgam (40 g) was added a solution of
Br2 Ni(PEt3 ) 2 (0.2 g, 0.44 mmol) in 15 ml of pentane. The solution was then stirred
slowly for 20 h.

The solution was then filtered through Celite and the volume was

reduced to ca. 20 mL.

The solution was cooled to -40 °C, upon which dark brown

crystals of (PEt3 )4Ni2 (C6H 2 F2 ) 2 were obtained (0.22 g, 60% yield).
20°C, 500 MHz):

8

'H NMR (C6D6,

1.05 (br, 36H, CH3), 1.90 (br, 24H, CH2), 6.55 (m, 4H). *H NMR

(C6D6, -60 °C, 500 MHz, aromatic region):

8

6.44 (ddd, 2H, 4Jhf = 7.95,3J = 3.8, Vhf =

0.7), 6.64 (ddd, 3J Hh = 7.95 Hz, V Hf = 7.2 Hz, V HF = 10.2 Hz). 31P{'H} NMR (C6D6, 20

20
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298 K, 202.47 MHz):

8

-3.8 (br s),

MHz): 5 -3.8 (vt, J PP = 5.4 Hz),
(C6 D6, 298 K, 282.48 MHz):

6

8 .8

(br s).

31

P{ 1H} NMR (C 6 D6, -60 °C, 202.47

(vtdd, J PP = 5.4 Hz, JPP= 7.1, 11.3 Hz). 19F NMR

8 .8

-34.3 (dddd, 4 J HF= 10.0 Hz, V HF= 4.1 Hz, 3 J FF= 35.6 Hz,

J FP = 6.0 Hz), -71.1 (ddd, J FP = 11.5 Hz, J HF= 7.4 Hz, 3J FF = 35.6 Hz). ^ C i’H} NMR
(C6 D6, 298 K, 75.50 MHz):

8

9.24 (s, CH3), 22.69 (s, CH2), 109.93 (d, VCF - 19.76 Hz),

114.23 (s, ispo-C), 150.50 (dd, XJCP = 244.26 Hz, 2JCF = 21.96 Hz), 151.50 (d, V CF =
17.56 Hz), 155.71 (dd, ' j CF = 226.08 Hz, VCF = 14.73 Hz), 155.91 (s, ipso-C). Anal.
Calc’d for C3 6 H 7 4 F4 Ni2 P4 : C, 53.11; H, 7.92. Found: C, 52.67; H, 7.81. UV/VIS: e =
72000 L mol' 1 cm '1, ^max = 428 nm.

3.1.4. Synthesis of (acac)2Ni(PEt3)2, 5.
A stirred suspension of Ni(acac) 2 (0.50 g, 1.95 mmol) in 25 mL of THF, was
cooled to 0°C. PEt3 (0.46 g, 3.89 mmol, 2 equiv) was added dropwise to the solution
resulting in a colour change from green to blue. The solution was then stirred at 0°C for
20 minutes and then for

6

h at room temperature.

The solvent was removed under

vacuum. The remaining blue residue was extracted with ca. 25 mL of pentane, filtered
through Celite, and placed in the freezer at -40°C. Purple crystals of (acac)2 Ni(PEt3)2, 5,
were isolated from solution (0.63 g, 65 % yield).

3.1.5. Synthesis of Br2Ni(PEt3)2, 7.
A suspension of Br2 Ni(DME) (0.25 g, 0.81 mmol) in 20 mL of toluene was cooled
to 0 °C. PEt3 (0.19 g, 1.62 mmol, 2 equiv) was added dropwise to the solution, resulting
in a colour change from orange to purple. The solution was then stirred at 0°C for 20
minutes and then allowed to warm to room temperature. The solvent was removed under
vacuum. The remaining purple residue was extracted with ca. 40 mL of pentane and
filtered. The solvent was then reduced to ca. 25 mL and placed in the freezer at -40°C.
Purple crystals of Br2 Ni(PEt3)2, 7, were isolated from solution (0.245g, 70 % yield). !H
NMR (C6 D6, 298 K, 300 MHz):

NMR (C6 D6, 298 K, 202.47 MHz):
MHz):

8

1.13 (t, 18H, CH3), 1.70 (m, 12H, CH2).

8

8

14.42 (br s).

13

31

P{‘H}

C{1H} NMR (C 6 D6, 298 K, 75.50

10.28 (s, CH3), 24.98 (s, CH2). Anal. Calc’d for Ci 2 H3 0 Br2 NiP2: C, 31.69; H,

6.65. Found: C, 32.00; H, 6.72.
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3.1.6. Synthesis of Ni2(n-r|2:r|2-C 6H 2F2)(PEt3)2, 9.
To a stirred solution of Ni(p 2 -C6H2 F2 )(PEt3 ) 2 (80 mg, 0.197 mmol) in 15 mL of
pentane over excess 1% Na/Hg amalgam (50 g) was added dropwise, over 1 hour, a dilute
solution of Br2Ni(PEt3)2 (89 mg, 0.197 mmol) in 25 mL of pentane. The solution was
then stirred for 20 minutes before being filtered through Celite, and the solvent was
reduced to ca. 20 mL. The solution was then cooled to -40 °C, upon which pale orange
crystals of Ni2(p-ri2 :r|2 -C 6 H2 F2 )(PEt3 ) 2 were obtained (60 mg, 43% yield).

'H NMR

(C6D6, 298 K, 300 MHz): 5 0.91 (m, 18H, CH3), 1.42 (m, 12H, CH2), 7.33 (t, 2H, VHF =
7.28 Hz). 31P{1H} NMR (C6D6, 298 K, 121.54 MHz): 6 14.80 (s). 19F NMR (C6D6, 298
K, 282.46 MHz): 5 -74.03 (m). Anal. Calc’d for CsoHeeFsNizP^ C, 51.32; H, 8.90.
Found: C, 51.68; H, 8.70.

3.1.7. Synthesis of NiaO^-QHzFiXtf-Ce^Fa-CeHaFz), 11.
To a stirred solution of Ni(p 2 -C6 H2 F2 )(PEt3 ) 2 (0.65 g, 0.0016 mol) in 25 mL
pentane was added dropwise a solution of tris(pentafluorophenyl)borane (E^CeFsE) (0.82
g, 0.0016 mol) in 15 mL pentane.

The resulting brown solution was stirred for 15

minutes, and then filtered to remove the white precipitate. The solvent was then reduced
to half volume and the product was recrystallized at —40 °C to yield Ni3 (r|2 -C6 H2 F2 )(ri2 C6 H2 F2 -C6 H2 F2 ) as dark brown crystals in a 31% yield.

'H NMR (C6D6, 298 K, 500

MHz): 5 0.66 (br s, 27 H, CH3), 1.00(br s, 18 H, CH2), 6.98(dd, 2 H, J Hf = 12.8, 4J HF =
6,4), 7.33(vt, 2 H, Jm = 9.6), 7.78(dd, 2 H, JHf = 12.8, V HF = 6,4 ). 31P{1H} NMR (C6D6,
298 K, 202.47 MHz): 5 12.9 (br s), 4.5(br s). 13C{‘H} NMR (C6D6, 298 K, 75.50 MHz):
8

108.25 (d, 2JCf = 12.6), 111.8 (d, 2JCv = 18.9), 131.0 (d, 2JCF = 12.6), 135.8 (s, ipso C),

146.1
’J c f

(d d , ’J Cf

= 251.54, 2JCf = 18.9), 148.4

(d d ,

lJCF = 213.8, 2J CF = 12.6), 149.1

(dd,

= 232.6, 2J CF = 12.6), 151.4 (s, ipso C), 168.1 (s, ipso C). 19F NMR (C6D6, 298 K,

282.48 MHz):

8

-69.7

(d d d , 3J FF =

28.3 Hz, J HF = 12.8 Hz, 4J Hf = 8.7 Hz), -67.5

10.1 Hz), -61.6 (ddd, 3 J FF = 28.6 Hz,

= 12.6 Hz,

VHf = 8.7 Hz ).

(vt,

JH? =

Anal. Calc’d for

C39 H7 7 F6Ni3P 3 : C, 49.88; H, 5.93. Found: C, 49.56; H, 5.91.
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3.1.8. Synthesis of l,2-dibromo-3,6-dideutero-4,5-difluorobenzene.
To a stirred solution of l,2-dibromo-4,5-difluorobenzene (18.4 mmol, 5 g) in 25
mL of 5% THF in Et2 0

at -78°C , was added dropwise a suspension of

lithiumdiisopropylamide (18.4 mmol, 1.97 g, 1 equiv) in 20 mL of 5% THF in Et2 0 . The
solution was stirred for 20 minutes. DOCH3 (18.4 mmol, 0.608 g, 1 equiv) was added to
the mixture dropwise.

The solution was then allowed to slowly warm to room

temperature over 1.5 h, at which point a sample was taken to monitor progress. This
process was repeated for a total of

6

additions of LDA and DOCH 3 . At this point the

solvent was removed under vacuum, and the residue was extracted with 4 portions of ca.
50 mL of pentane. The pentane was removed under vacuum, resulting in a yellow oil.
The oil was cooled to 0°C, which resulted in white crystals of C 6 F 2 D 2 (1.0 g, 20% yield).
19F NMR (C6 D6, 300K, 282.48 MHz):

8

-58.521 (br). Anal. Calc’d for C6 F2 D2: C,

26.31; D, 1.47. Found: C, 26.55; D, 1.53.

3.1.9. Synthesis of NiBr(2-Br-4,5-F2C6D2)(PEt3)2
A stirred suspension of Ni(COD ) 2 (2.6 mmol, 0.715 g) in 20 mL of pentane was
cooled to 0°C. PEt3 (5.1 mmol, 0.604 g, 2 equiv) was added dropwise to suspension. A
solution of l,2-dibromo-3,6-dideutero-4,5-difluorobenzene (2.6 mmol, 0.7 g) in ca. 15
mL of pentane was added to suspension. Mixture was stirred for 10 minutes at 0°C, and
then for 4 h at room temperature. The solvent was removed under vacuum. The residue
was extracted with ca. 50 mL of pentane and filtered through Celite. The solvent was
then reduced to ca. 25 mL. NiBr(2 -Br-4 ,5 -F2 C6 D2 )(PEt3) 2 was isolated as a yellow solid
from pentane at -40°C (0.752 g, 51% yield). 'H NMR (CgDe, 300K, 300MHz):

8

0.9W1

(m, 18H, CH3), 1.32 (m, 12H, CH2). ^ H } NMR (C 6 D6, 300K, 121.54 MHz):

8

10.62

(s). 19F NMR (C 6 D6, 300K, 282.48 MHz):
64.749 (d, V FF = 20.42 Hz,

J Fd

8

-67.226 (d, V FF = 20.4 Hz, J FD= 1.64 Hz), -

= 1-64 Hz). Anal. Calc’d for C jgH soI^B ^PaN i: C,

38.00; D, 6.02. Found: C, 38.04; D, 5.99.
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3.1.10. Synthesis of l,2-dibromo-3-deutero-4,5-difluorobenzene.
To a stirred solution of l,2-dibromo-4,5-difluorobenzene (11.0 mmol, 3 g) in 25
mL of 5% THF in Et2 0

at -78°C , was added dropwide a suspension of

lithiumdiisopropylamide (LDA) (28 mmol, 2.96 g, 2 equiv) in 20 mL of 5% THF in
Et2 0 . The solution was stirred for 20 minutes. The cold solution was then cannulae
transfered into a Schlenk flask containing CH 3 COOD (302.57 mmol, 10.0 g, 11 equiv) in
15 mL of THF cooled to -78°C. The solution was then allowed to slowly warm up to
room temperature. The solution was then filtered through Celite and the solvent was
removed. The remaining liquid was extracted with pentane and then the pentane was
once again removed by vacuum. The remaining yellow oil was placed in the freezer at 40 °C. Low-melting, white crystals of C6 F2 HD precipitated out of the oil (1.21 g, 40%
yield). 'H NMR (C 6 D6, 20°C, 300 MHz): 5 7.37 (dd, 3J HF = 9.6 Hz, 1H). I9F NMR
(C6 D6, 20 °C, 282.46 MHz): 5 -58.24 (dd, 2 J HF = 9.6 Hz, V FF = 20.4 Hz), -58.48 (dd, 2 J HF
= 9.6 Hz, 3 J FF = 20.4 Hz). Anal. Calc’d for C6 F2 DHBr2: C, 26.41; D/H, 1.11. Found: C,
26.50; D/H, 1.04.

3.1.11. Synthesis of NiBr(2-Br-4,5-F2C6HD)(PEt3)2
A stirred suspension of Ni(COD ) 2 (1.7 mmol, 0.477 g) in 20 mL of pentane was
cooled to 0°C. PEt3 (4.25 mmol, 0.502 g, 2 equiv) was added dropwise to the suspension.
A solution of l,2-dibromo-3-dideutero-4,5-difluorobenzene (2.6 mmol, 0.71 g) in ca. 15
mL of pentane was added to suspension. Mixture was stirred for 10 minutes at 0°C, and
then for 4 h at room temperature. The solvent was removed under vacuum. The residue
was extracted with ca. 50 mL of pentane and filtered through Celite. The solvent was
then reduced to ca. 25 mL. NiBr(2 -Br-4 ,5 -F2 C6 HD)(PEt3 ) 2 was isolated as a yellow solid
from pentane at -40 °C (0.477 g, 50% yield) in two different isomeric forms. *H NMR
(C6 D6, 300K, 300MHz): 5 0.918 (m, 18H, CH3), 1.327 (m, 12H, CH2), 6.915 (dd, JH? =
10.2 Hz, 1H), 7.038 (m, 1H).

31

P{ 1H} NMR (C6 D6, 300K, 121.54 MHz): 5 10.851 (s).

19F NMR (C6 D6, 300K, 282.48 MHz):

6

-67.229 (m), -67.184 (m), -64.765 (m), -64.519

(m). Anal. Calc’d for C igH siD B ^P iN i: C, 38.07; D/H, 5.86. Found: C, 38.14; D/H,
6 . 01 .
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3.1.12. Synthesis of (PEt3)2Ni(ti2-C6D2-4,5-F2), (1 -d2).
The synthesis of l - d 2 was performed in an analogous manner to the known
literature procedure for the preparation of 1. 31P{1H} NMR (CgDg, 298 K, 202.47 MHz):
5 29.5 (br).

19F NMR (C6D6, 300K, 282.48 MHz): 6 -60.3 (br).

3.1.13. Synthesis of (PEt3)4Ni2(ii2-C6D2-4,5-F2)2, (3-</4).
To a solution of l - d 2 (0.04 g, 0.098 mmol) in 2 mL of pentane was added
(PEt3)2NiBr2 (0.004 g, 0.0088 mmol, 0.09 equiv) and 0.5 g of 1% Na/Hg. The solution
was stirred for 24 h. The 19F and *H NMR spectra of the crude reaction mixture were
obtained both with and without added CgDe to avoid the risk of label scrambling. No
aromatic proton resonances associated with the biarylyl complex were observed.

19F

NMR (C6D6, 300K, 282.48 MHz): 5 -34.3 (br d, V FF = 33.8 Hz), -71.4 (br d, VFF = 33.8
Hz).

3.1.14. Synthesis of (PEt3)2(PMe3)2Ni2(n2-C6H2-3,4-F2)2,12.
To a solution of 11 (0.1 g, 0.128 mmol) in 20 mL of pentane, was added PMe3
(0.0097g, 0.128 mmol) and stirred for 5 minutes. The solvent was then reduce to ca. 10
mL and placed in the freezer at -40°C. The first compound to precipitate out of solution
was Ni(r)2 -C 6 H2 F2 )(PMe3)2 , l-PM e3, as an orange solid. This was filtered off and the
remaining solution was placed back into the freezer at -40°C. Small orange crystals of
(PEt3)2(PMe3)2Ni2(ri2-C6H2-3,4-F2)2, 12 were isolated (0.03 g, 32% yield).

'H NMR

(C6D6, 298 K, 300 MHz): 6 0.90 (br, 18H, CH3 of PMe3), 1.02 (br, 18H, CH3, PEt3), 1.90
(br, 12H, CHi), 6.78 (m, 4H). 31P{‘H} NMR (C6D6, 298 K, 202.47 MHz):

8

-0.3 (br), -

21.0 (br). 19F NMR (C6D6, 298 K, 282.48 MHz): 5 -73.2 (m), -73.4 (m). ^C i'H } NMR
(C6D6, 298 K, 75.50 MHz):

8

7.68 (s, CH3), 16.6 (s, C //3), 21.7 (br s, CH2), 105.5 (s,

ipso-C), 113.6 (d, Vcf = 20.2 Hz), 145.8 (dd, lJc? = 187.1, 2J Cf = 17.9 Hz), 153.4 (d, 2J Cf
= 19.8 Hz), 155.7 (dd, lJcf = 232.4 H z, 2J Cf = 21.9Hz), 206.6 (s, ipso-C).

3.1.15. Reaction of 11 with PEt3
To a solution of 11 (0.1 g, 0.128 mmol) in 20 mL of pentane, was added PEt3
(0.015g, 0.128 mmol) and stirred for 5 minutes. The solvent was then reduce to ca. 10
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mL and placed in the freezer at -40°C.

The products were consistently a dark oily

product. ‘H NMR data reveals 1, (PEt3 )4 Ni2 (r|2 -C6 H2 -3 ,4 -F2 ) 2 form first, and one other
compound that could not be identified forms when the amount (PEt3 )4 Ni2 (r|2 -C 6 H2 -3 ,4 F2 ) 2 decreases. Initial 'H NMR (C6 D6, 298 K, 300 MHz): 5 6.58 (dd, J Hf =

1 0 .2

Hz, VHF

= 4.2 Hz), 6.80 (m, 4H, (PEt3 )4 Ni 2 (r|2 -C 6 H 2 -3 ,4 -F2 ) 2 and unknown product overlapped),
7.39 (t, 2H, Vhf = 6.4,1). ^ P ^ H } NMR (C6 D6, 298 K, 202.47 MHz):

6

28.8 (br s, 1),

3.72 (br), -6.53 (br). 19F NMR (C 6 D6, 298 K, 282.48 MHz): 5 -63.02 (t, 1), -65.4 (ddd,
J FF =

2 0 .6

V HF =

Hz, J Hf = 11.5 Hz, V HF =

8 .6

8 .6

Hz), -67.7 (dddd, J FF = 20.6 Hz, J HF = 11.4 Hz,

Hz, J PF = 19.9 Hz), -73.2 (m, (PEt3 )4 Ni2 (T12 -C 6 H2 -3 ,4 -F2 )2 ), -73.4 (m,

(PEt3 )4 Ni2 (Ti2 -C 6 H 2 -3 ,4 -F2 )2 ). Final 'H NMR (C6 D6, 298 K, 300 MHz): 5 6.80 (ddd, JHF
= 11.3 Hz, 4 J hf =

8 .6

298 K, 202.47 MHz):
8

Hz, J Hh = 7.3 Hz), 7.39 (t, 2H, 3 J HF = 6 .4 ,1). ^ { 'H } NMR (C6 D6,
8

28.8 (br s, 1), 3.72 (br). 19F NMR (C 6 D6, 298 K, 282.48 MHz):

-63.02 (t, 1 ), -65.4 (ddd, J FF =

2 0 .6

Hz, Jhf = 11 -4 Hz, VHF =

2 0 .6

8 .6

Hz, J Hf = 11.5 Hz, VHF =

8 .6

Hz), -67.7 (dddd, J Ff =

Hz, J PF =19.9 Hz).

3.1.16. Reaction of 3 with diphenylacetylene.
To a stirred solution of 3 (0.5 g, 0.614 mmol) in 40 mL of pentane, was added a
solution of diphenylacetylene (0.382 g, 1.84 mmol, 3 equiv) in 20 mL of pentane. The
solution was stirred for 30 minutes. The solvent was then reduced to ca. 25 mL and
placed in the freezer at -40 °C. Colourless crystals of 14 were isolated (0.11 g, 44%
yield). Attempts at isolating the nickel containing compound proved to be unsuccessful,
as the remaining products produced a thick oily product. 'H NMR (C6D6, 298 K, 300
MHz):
3J h f

8

6.96 (m, 10 H), 7.45 (br d, 2H,

= 9.4 Hz,

4J h f =

4.8 Hz).

3J Hh

= 7.68 Hz), 7.71 (ddd, 2H,

3J Hh

= 7.70 Hz,

19F NMR (C6D6, 298 K, 282.48 MHz):

(overlapped m), -60.6 (overlapped m). 13C{'H} NMR (CeD6, 298 K, 75.50 MHz):
(s), 118.0 (dd,

’J c f

-54.3

8
8

35.2

= 232.6 Hz, 2JCf =12.6 Hz), 119.2 (d, 2J Cf =18.7 Hz), 124.3 (s), 126.7

(s), 127.1 (s), 127.3 (s), 130.0 (br), 140.2 (s) . Anal. Calc’d for C2 6 H18F4: C, 77.22; H,
3.99. Found: C, 76.90; H, 3.89.
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3.1.17. Reaction of 3 with H 2
A solution of 3 (lOmg, 1.2 x 10‘5 mol) was dissolved in 2 mL of pentane and
placed into a J-Young tube. The solution was then freeze, pumped, thawed three times to
remove any N 2 in the tube. After the third thaw, the J-Young tube was opened to H2 gas
for 30 seconds.

The hydrogenated product 2,2’,3,3’-tetrafluorobiphenyl was formed,

along with 4. ’H NMR (C6D6, 300 K, 300 MHz): 6 6.78 (m, 4H), 6.91 (ddd, 2H, 3J Hf =
11.4 Hz, 4J hf = 8.47 Hz, 3J Hh = 7.3). 19F NMR (C6D6, 300 K, 282.48 MHz): 5 -59.1
(ddd, IF, Jff = 21.1 Hz, 3J Hf = 11.4 Hz, V HF = 8.2 Hz), -61.45 (dddd, IF, J Ff = 23.2 Hz,
3Jhf = 9.8 Hz, V hf = 7.1 Hz, V HF = 7.3).

3.1.18. Reaction of Ni(2-Br-4,5-F2C6H2)(PEt3)2, 2, with Ni(PEt3)4, 4.
To a solution of 2, (0.25 g, 0.44 mmol) in pentane, was added 4 (0.47 g, 0.88
mmol). The solution was then stirred for 15 minutes to produce Ni(r|2 -C 6 H 2 F2 )(PEt3 )2 , 1,
and BrNi(PEt3 )3 , 6. Attempts were made at isolating 1 and 6 from the reaction mixture.
However, both precipitated out of solution simultaneously so no accurate yield or
elemental analysis could be done. *H NMR (C6D6, 298 K, 300 MHz): 5 7.39 (t, 2H,

3J h f

= 6.0). 31P{*H} NMR (C6D6, 298 K, 202.47 MHz): 6 7.86 (br s), 28.8 (br s). 19F NMR
(C6D6, 298 K, 282.48 MHz): 5 -63.02 (t, 3J Hf = 6.0).

3.1.19. Synthesis of NiI(2-I-3-FC6H3)(PEt3)2
A suspension of Ni(COD ) 2 (0.55 g, 0.002 mol) in 25 mL pentane was cooled to 0
°C. A solution of PEt3 (0.59 g, 0.005 mol) was added dropwise to the solution, and stirred
for 5 minutes. A solution of 2,3-diiodofluorobenzene (1.02 g, 0.003 mol) in 25 mL of
pentane was then added. The mixture was stirred for 10 minutes at 0 °C and then for 4 h
at room temperature. The solvent was then removed under vacuum, and the residue was
extracted with pentane and filtered through Celite. The solution was then placed in the
freezer at -40 °C. Light brown crystals of NiI(2-I-3-FC6H3)(PEt3)2 were isolated (0.27 g,
30 % yield). 'H NMR (C6D6, 298 K, 300 MHz): 5 0.96 (m, 18H), 1.52 (m, 12H), 6.44
(dd, 1H, JHF = 8.8 Hz, J Hh = 7.6 Hz), 6.65 (m, 2H). 31P{‘H} NMR (C6D6, 298 K, 202.47
MHz): 8 9.9 (s). 19F NMR (C6D6, 298 K, 282.48 MHz): 8 -13.2 (d, J HF = 8.8Hz). Anal.
Calc’d for CjgHssLFPaNi: C, 33.63; H, 5.17. Found: C, 33.78; H, 5.24.
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3.1.20. Synthesis of Ni(r|2-C6H3-2-F)(PEt3)2
A solution of NiI(2-I-3-FC6H3)(PEt3)2 (0.10 g, 0.26 mmol) in 25 mL of pentane
was stirred over excess 1% Na/Hg (40g) for 1 h. The solution was then filtered through
Celite. The solvent was then removed under vacuum, leaving a dark brown oil of Ni(r)2C6H3F)(PEt3 ) 2 (0.037 g, 62% yield). *H NMR (C6D6, 298 K, 300 MHz): 5 1.01 (br,
18H), 1.52 (br, 12H), 6.93 (dd, 1H, JHF = 3.66 Hz, JHh = 6.9 Hz), 7.18 (dd, 1H, JHF = 3.4
Hz, Jhh = 6.6 Hz), 7.41 (d, 1H, JHH = 6.9 Hz). 31P{!H} NMR (C6D6, 298 K, 202.47
MHz): 5 29.7 (br s). 19F NMR (C6D6, 298 K, 282.48 MHz): 6-28.4 (m).

3.1.21. Reaction of 1 with H 2
A sample of Ni(r)2 -C 6 H2 F2 )(PEt3 ) 2 (0.02 g, 0.05 mmol) was dissolved in 1.5 mL
of CeD6 in a J-Young tube. The sample was then freeze-pump-thawed three times to
remove the N 2 . After the third thaw, the tube was open to a 95% N 2 and 5% H2
environment. The solution was allowed to sit for 3.5 h, at which time the sample was
analyzed using NMR spectroscopy. 31P{1H} NMR (C6D6, 298 K, 202.47 MHz): 8 7.84
(br), 15.3 (s), 29.7 (br s). 19F NMR (C6D6, 298 K, 282.48 MHz): 6 -60.5 (vt, JHf = 6.8
Hz), -63.3 vt, J h f = 6 .0

H z ),

-74.0 (m).

3.1.22. Synthesis of 2,2'-bis[bromo(triethylphosphine)nickel]-biphenyl, 15.
A suspension of Ni(COD ) 2 (0.28 g, 1.03 mmol, 2 equiv) in 25 mL of toluene was
cooled to 0 °C. PEt3 (0.27 g, 2.31 mmol, 4.5 equiv) was added dropwise to the mixture.
2,2’-dibromobiphenyl (0.16 g, 0.513 mmol) in 15 mL of toluene was then added. The
solution was stirred at 0 °C for 10 minutes and then for 4 h at room temperature. The
solvent was removed under vacuum and the residue was extracted with 100 mL of
pentane. The solution was then filtered through Celite, and the solvent was reduced to 50
mL.

The

solution

was

then

placed

into the

freezer

at

-40

°C.

2,2’-

bis[bromo(triethylphosphine)nickel]-biphenyl was isolated as a yellow solid (0.2 g, 43%
yield). A similar literature preparation for the chlorinated version has been reported43. 'H
NMR (C6D6, 298 K, 300 MHz): 5 0.98 (m, 36H, CH3), 1.42 (m, 24H, CH2), 6.90 (t, 2H,
3J h h

= 6.6 Hz), 7.31 (t, 2H, 3JHH = 6.6 Hz), 8.08 (d, 2H, 3JHH = 7.5 Hz), 12.19 (d, 2H, 3JHH

= 7.5 Hz). 31P{*H} NMR (C6D6, 298 K, 202.47 MHz): 8 8.1 (s).
28
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4. Discussion
4.1. Characterization and Attempted Synthesis of 3.

Initial attempts to form the known benzyne complex, Ni(r|2 -C6 H2 F2 )(PEt3 )2 , 1,
using lithium metal as described by Bennett and Wegner1, were unsuccessful. Other
reducing agents for the reduction of NiBr(2-Br-4,5-F2C6H2)(PEt3)2, 2, were then sought.
A 1% Na/Hg amalgam was chosen for the reduction. The results with this reducing agent
varied. Sometimes, four hours into the reduction, the reaction was complete and 1 was
formed as the sole product. However, at four hours in other reductions, under the same
conditions, the 31P{1H} NMR spectra showed that 2 had yet to react. After stirring these
slow reductions over night, a new product was found to form in a quantitative yield.
(PEt3 )4 Ni2 (ri -C6H2-4,5-F2)2, 3, was crystallized from pentane at -40°C as dark brown
crystals (Scheme 4). It became clear that an impurity in the reaction was resulting in the
variation of the outcomes of the reactions.
Scheme 4

\

1% Na/Hg

\
/

Et3P

\

Br

4.5 - 6 hrs

INi

Et3P

F

PEt.

1% Na/Hg

F

3

The solid-state structure of 3 can be seen in Figure 8 and consists of a biraryl
fragment with a Ni atom attached to each of the rings. The Ni(l)-Ni(2) bond has a length
of 2.4008(16) A. There is a weak interaction, indicated by hashed lines between Ni(l)-
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C(8 ) and Ni(2)-C(l), where the distances between these atoms are 2.317(3) A and
2.308(3) A respectively. The actual Ni-C bond lengths are 1.971(5) A for the N i(l)-C(l)
bond and 1.970(5) A for the Ni(2)-C(8) bond. The hashed lines representing the weak
Ni-C interactions represent the possible fluxional process that is occurring, where the
biaryl ring in twisting about C(6)-C(7) bond. The process would cause the N i(l)-C(l)
and Ni(2)-C(8) bonds to break and the N i(l)-C( 8 ) and Ni(2)-C(l) bonds to form. The
fluxional process would also result in broadening in the NMR spectroscopy resonances.
The dihedral angle o f the biaryl ring system of C(l)-C(6)-C(7)-C(8) is 30.9°. Selected
bond lengths and angles can be seen in Table 1.

Figure 8. ORTEP representation o f 3. Hydrogen atoms and phosphine ethyl groups are omitted for
clarity.

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 1. Selected bond lengths and bond angles for 3.

(A)

(A)

Atom

Atom

2.4008(16)

N i(l)

P(l)

2.228(2)

C(8 )

1.970(5)

C( 6 )

C(7)

1.474(7)

C(l)

1.971(5)

C(9)

F(3)

1.370(6)

Atom

Atom

N i(l)

Ni(2)

Ni(2)
N i(l)

Distance

Distance

Atom

Atom

Atom

Angle (°)

Atom

Atom

Atom

Angle (°)

P (l)

N i(l)

Ni(2)

156.66(5)

C (l)

N i(l)

Ni(2)

63.11(16)

P(2)

N i(l)

Ni(2)

103.70(7)

C (l)

N i(l)

P(l)

94.02(16)

F(3)

C(9)

C(10)

116.4(5)

C (l)

C(6 )

C(7)

113.5(4)

Atom

Atom

Atom

Atom

Dihedral Angle (°)

C (l)

C(6 )

C(7)

C(8 )

30.9

C(5)

C(6 )

C(7)

C(12)

28.8

C(l)

N i(l)

Ni(2)

C( 8 )

95.6

At room temperature, the *H and

31

P{ 1 H} NMR spectra of 3 did not provide

enough information to demonstrate that the solution structure was consistent with the
solid-state structure. The 'H NMR spectra exhibited a complex multiplet at 6.51 ppm.
However, the chemical shifts of the two near coincident environments proved to be
temperature dependent. A sample of 3 in C7 D 8 was cooled down at varying temperatures
until 213 K (Figure 9). As cooling took place, the complex multiplet spread apart into a
doublet o f doublets at 6.45 ppm and a doublet o f doublets of doublets at 6.64 ppm.
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MM

____________ 213 K

Figure 9. The effect of temperature on the aromatic H resonances in the 500 M Hz 'H spectrum o f 3.

The

31

P{'H} NMR spectrum of 3 shows two broad peaks at 9.0 ppm and -5.2 ppm

at 300 K. When cooled down, the peak at -5.2 ppm is resolved to what is believed to be a
•2

virtual triplet (Figure 10). This is the result of P-P coupling through the Ni-Ni bond ( J pp
= 10 Hz).
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Figure 10. The effect o f temperature on phosphorus resonances in the 500 M Hz 31P{*H} NMR
spectrum o f 3.

The other broad singlet at 9.0 ppm in the

31

P{'H} NMR spectra, is not as well

resolved (Figure 10), and can be modelled as a virtual triplet of doublets of doublets.
This phosphorus experiences both P-P coupling
6.0 Hz, 5J Pf = 11.4 Hz).

( 3J p p

= 10 Hz) and P-F coupling (Vpf =

The virtual coupling that is observed in this system indicates

that a Ni-Ni bond must be present. Also, the observed H-F coupling constants of the
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aromatic rings confirms that the observed solid-state structure is the correct and the only
isomer is that of 3. The spin system of 3, not including the hydrogen atoms, is
AA'BB'XX'YY'. Complex 3 possesses C2 symmetry, which is maintained in solution at
low temperatures.

4.2. Initial Investigations into the Formation of 3.

At first glance, 3 appears to be the coupled product of two molecules of 1.
However, closer inspection of this structure shows that it is not that simple. The H atoms
on the aryl rings were para disposed in the original compound 1. In compound 3, they are
ortho disposed. The change in disposition dismisses the simple coupling theory of 1, and
suggests that something more complicated is occurring. In order for this to be a coupling
of benzyne complexes, the benzyne would have to have the H atoms in an ortho
disposition (Equation 12).
Equation 12

PBtg
2

F

PEt3
3

Several attempts at making 3 consistently lead to varying results. Sometimes 1
would form, other times 3 would form. Different concentrations of 2, amounts of Na/Hg,
and stirring rate were tried. In all cases, both formation of 1 and 3 required an excess of
Na/Hg for the reactions to occur at any reasonable rate. Varying the concentrations of 2
played no role in which product was formed. However, stirring rate was found to be very
important. To produce 1 most efficiently, a fast stirring rate at a tilted angle was found to
work the best. This ensured a relatively quick reduction could occur because of the
increased surface area of Na/Hg that these conditions produced. On the other hand, a
slow stirring rate in an upright flask was found to produce concentrations of 3 large
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enough to be visible in both 'H and

31

P{ 1H} NMR spectra. However, these conditions

alone could never consistently form 3 as the main product in the reaction, thus an
investigation into the nature of the impurity which catalyzes the formation of 3 was
initiated.

4.3. Possible Impurities

Based on Equation 12, impurities that would lead to the production of the ortho
disposed benzyne were sought. It was thought that through using a base, deprotonation
could occur on the aryl ring of 2 and perhaps lead to a rearrangement from para disposed
hydrogens to ortho disposed hydrogens. Aromatic rings bearing electron withdrawing
groups, such as fluorines, are prone to deprotonation by strong bases. Several bases were
tried including KOlBu, Na[N(TMS)2 ], Li[N(TMS)2], Li(NMe2), Li(NEt2), LiTMP, LICKOR, and LDA. The addition of most of these bases resulted in multiple products being
formed. The exception to this proved to be LDA. Upon the addition of two equivalents
of LDA to 2, complex 1 was formed. The exact mechanism by which this occurs is
unknown. GC/MS was run on the liquid portion that was removed by vacuum during
isolation.

The main product was 2-isopropliminopropane, with a small amount of

diisopropylamine.
Another attempted method was hydrogenation of 1. Complex 1 was reacted with
pure hydrogen gas in CeD6 - This resulted in a mixture of products, including 1,2difluorobenzene, a triplet in the ]H NMR spectrum at 7.34 ppm, which had been seen
previously in reductions leading to the formation of 3, as well as a multitude of other
products which were not identified. For the next attempt at hydrogenation, a mixture of
5% hydrogen gas and 95% nitrogen gas was used. No immediate reaction was observed
in any of the NMR spectra. However, after 3.5 hours, the triplet in the ]H NMR spectrum
at 7.34 ppm was now observed. A new single peak in the 3 1 P{ 1H} NMR spectrum at 14.8
ppm and a new triplet in the 19F NMR spectrum at -74.2 ppm were also observed and
were found to correspond with the triplet in the *H NMR spectrum. The reaction was
then changed so that 1% Na/Hg was added to the mixture. Monitoring the reaction using
NMR spectroscopy showed that once a significant amount of the compound at 7.34 ppm
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in the !H NMR spectrum had been produced, 3 began to form. When left overnight to
stir, 3 had become one o f the main products in the reaction. Examination of the

31

P{'H}

NMR spectrum, showed that Ni(PEt3 ) 4 was also in the reaction mixture. It was then
thought that Ni(PEt3 ) 4 may be playing an important role in the formation of 3.
Since attempts at deprotonation and hydrogenation for directly making a benzyne
with ortho disposed H atoms had failed, a new approach was taken. It was thought that if
a benzyne could be formed that had a fluorine next to the nickel on the aryl ring,
oxidative coupling might be induced between two benzynes. NiI( 2 -I-3 -FCeH3 )(PEt3 )2 , 4,
was synthesized and reduced to form Ni(r|2 -C6 H 3 F)(PEt3 )2 , 5, which was isolated as a
brown oil and characterized using NMR spectroscopy (Equation 13). Only one isomer of
4 was formed.

The solid-state molecular structure of 4 can be seen in Figure 11.

Attempts at promoting the coupling of 5 by heating failed, and no coupled product was
ever formed.

Equation 13

Ni(COD)2

+

+

2 PEt;
[3

4
F

+

4

1% Na/Hg

5
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C4.
C5

C3,

C 17
C2
P2 ^^5,
0 1 3 ^

C1
C9
N il

C15
C11
C7

Figure 11. ORTEP depiction o f 4. Hydrogen atoms and CH 3 groups o f the ethyl groups have been
omitted for clarity.

Table 2. Selected bond lengths and bond angles for 4.

(A)

Atom

1.864(6)

N i(l)

P(l)

2.2259(15)

Id )

2.5414(9)

C(5)

F(l)

1.323(14)

( )

2.075(8)

C(l)

C(6 )

1.391(10)

Atom

N i(l)

C (l)

N i(l)
C(6 )

(A)

Atom

Atom

Distance

1 2

Atom

Atom

Atom

Angle (°)

C(l)

Ni(l)

P(l)

89.44(16)

C(l)

Ni(l)

1 1

( )

173.8(2)

P(l)

Ni(l)

1 1

( )

90.09(4)

Distance
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4.4. Impurities Involving Ni(PEt3)4

During the isolation of 3, another product was found to have been formed in a
small amount and isolated as well. This product was Ni(PEt3 )4 , 6 . Once
identified, other

31

6

had been

P{'H} NMR spectra from experiments were reviewed. It was found

that every time 3 could become visible in the spectra,

6

had also been present. This

information demonstrated that there was a correlation between the presence of 6 and the
formation of 3. Complex

was then added to the reduction of 2 in both stoichiometric

6

and catalytic amounts. All amounts resulted in the formation of some 3. However, before
the reaction had gone to completion, 3 began to decompose during monitoring with
31

P{'H} NMR spectroscopy, until eventually the only diamagnetic phosphorus containing

fragment left was that of

6

.

In solution, it has been shown that

dissociates into

6

Ni(PEt3 ) 3 and Ni(PEt3 )2 6. The presence of Ni(PEt3 ) 2 in solution when 3 is being formed
coincides with the previous hydrogenation reactions. It is clear that a source of Ni(PEt3 ) 2
is imperative for the formation of 3.
In an attempt to see if a reaction would occur between 2 and

in the absence of

6

Na/Hg, the two compounds were dissolved in pentane and mixed together. It was found
that two equivalents of

6

could cleanly reduce 2 to 1 almost instantaneously. In the

prescence of a reducing agent, less than stoichiometric amounts of

6

could be used.

Ni(PEt3 ) 4 dissociates forming Ni(PEt3 )3 when put into solution (Figure 12). The reactive
Ni(PEt3 ) 3 reduces the nickel(II) aryl bromide forming BrNi(PEt3 )3 , thus taking two
equivalents of 6 for the reduction to occur without Na/Hg. However, in the presence of
Na/Hg, BrNi(PEt3 ) 3 can get reduced back to Ni(PEt3 ) 3 with the formation of NaBr, and
thus carry on the reduction of 2 in a catalytic manner. A small amount of BrNi(PEt3 ) 3
was also isolated as a byproduct of the reaction, supporting the given reaction.
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+

2 N i{PE t3)4

Ni(PEt3)4

.

Ni(PEt3)3 + PEtg

“

2 NiBr(PEt3)3

Ni(PEt3)2 + 2 PEt3

Figure 12. Reduction of 2 with 6.

Since Ni(PEt3 ) 4 was not a successful catalyst for the full conversion of 2 to 3,
alternate sources of Ni(PEt3 ) 2 were sought. The complex (acac)2Ni(PEt3 )2 , 7 (Figure 13),
had also been isolated from a reduction reaction that resulted in a quantitative formation
of 3. Complex 7 could be formed when PEt3 is added in the reaction to form 2, if the
Ni(COD ) 2 was impure. Ni(COD ) 2 is synthesized from the reaction of Ni(acac) 2 with
diisobutylaluminum hydride and 1,5-cyclooctadiene35. If there was unreacted Ni(acac) 2
present in the Ni(COD)2 , it could react with PEt3 when 2 is being synthesized. Complex
7 was then synthesized through the addition of two equivalents of PEt3 to Ni(acac ) 2 and
was isolated as purple crystals from cold pentane. The solid-state structure of 7 can be
seen in Figure 13. Selected bond lengths and angles can be found in Table 3. Complex 7
was then added to the reduction reaction of 2 with excess 1% Na/Hg, using slow stirring
31 1
reaction conditions. Compound 3 was seen briefly during the reaction via P{ H} NMR
spectroscopy. However, similar to the reduction with 6 , complex 3 slowly decomposes in
31 1
solution before the reaction is complete. Thus, the final product remaining in the P{ H}
NMR spectrum was only 6 .
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Figure 13. ORTEP depiction o f 7. Hydrogen atoms have been omitted for clarity.

Table 3. Selected bond lengths and bond angles for 7.

Atom

Atom

Atom

0

(1 )

N i(l)

0

0

(1 )

0

(2 )

Atom

Distance

(A)

N i(l)

0

(1 )

2.0309(14)

Ni(2)

0

(2 )

2.0353(13)

N i(l)

P(l)

2.4494(6)

Atom

Angle (°)

Atom

Atom

Atom

Angle (°)

(2 )

90.72(5)

C(l)

P(l)

N i(l)

118.17(7)

N i(l)

P(l)

91.17(4)

0(3)

P(l)

N i(l)

111.77(7)

N i(l)

P(l)

90.40(4)

C(2 )

P(l)

N i(l)

115.53(7)

Another potential source of Ni(PEt3 )2 , BrNi(PEt3 )3 ,
examined. During the reaction,

8

8

(Figure 14), was also

could also be reduced to form NaBr and Ni(PEt3 )3 , the

latter of which is known to dissociate PEt3 in solution, providing Ni(PEt3 )2 . Complex

8
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was added to the reduction o f 2 in both catalytic and stoichiometric amounts. Once again,
compound 3 was seen in a significant amount in the 31P{1H} NMR spectra. However, 8
begins to appear in the reaction before 2 was even entirely consumed. When the reaction
is left long enough to consume all of 2, all evidence of 3 is gone, indicating that
decomposition of 3 has occurred.

In the end, 8 is the sole diamagnetic phosphorus

containing compound in this reaction. Complex 8 was synthesized following literature
procedure6, but no crystal structure had been reported. Figure 14 shows the solid-state
molecular structure of 8. Selected bond lengths and angles for 8 are found in (Table 4).
There is a Jahn-Teller distortion in 8, due an electronic degeneracy of the ground state.
This is seen in the P(l)-N i(l)-P(2) angle of 128.76(5)°, whereas the other angles are
P(3)-Ni(l)-P(l) angle of 105.29(5)° and P(3)-Ni(l)-P(2) 104.83(5)°.

Br1

C9

C3

Nil

P2

P1

C1

C7

C14
P3
C 13
C5

C 10
IC15

Figure 14. ORTEP depiction o f 8. CH3 groups and hydrogen atoms have been omitted for clarity.
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Table 4. Selected bond lengths and bond angles for 8.

(A)

Atom

Atom

N i(l)

Br(l)

2.4703(8)

N i(l)

P(l)

2.2652(12)

P(l)

C(l)

1.843(4)

Distance

Atom

Atom

Atom

Angle (°)

Atom

Atom

Atom

Angle (°)

P(3)

N i(l)

P(l)

105.29(5)

P(3)

N i(l)

Br(l)

122.06(4)

P(3)

N i(l)

P(2)

104.83(5)

P(l)

N i(l)

Br(l)

99.53(3)

P(l)

N i(l)

P(2)

128.76(5)

P(2)

N i(l)

Br(l)

98.30(3)

A solution ofB r2Ni(PEt3)2, 9, in pentane was stirred over 1% Na/Hg for 1 hour, in
an attempt to reduce 9, to produce a source of Ni(PEt3)2. The solution was then filtered
and put in the freezer to crystallize. Many days later when crystals formed, it was found
that a dinitrogen bridged complex, [(PEt3)3Ni]2N2, 10, had formed (Figure 15). Selected
bond lengths and angles for 10 are shown in Table 5. The N i(l)-N (l)-N (l*)-N i(l*)
dihedral angle is perfectly linear with an angle of 180.00°. It has a N (l)-N (l*) bond
length of 0.895 A and a N i(l)-N (l) bond length of 1.983 A. Typical N-N single bonds
are 1.45 A ; double bonds are 1.23 A ; and triple bonds are 1.10 A . When a solution of 10,
which is colourless, is placed under vacuum, the solution turns a vibrant purple, which is
indicative of the loss o f N2 and formation of Ni(PEt3)3 and Ni(PEt3)2. 15N studies on this
compound have yet to be explored. This would need to be done so proper NMR spectra
could be run to determine whether 10 is the major product of the reaction. A dinitrogen
bound complex of Ni(PEt3)2 might be expected as Ni(PEt3)2 has never been isolated. It
can however, be transiently produced in solution or it could be stabilized using oxygen
•1•

44

atoms on a silica support .
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C1

\\N i1

N1

'^ x »

Figure 15.
clarity.

ORTEP depiction o f 10. Hydrogen atoms and methyl groups have been omitted for

Table 5. Selected bond lengths and bond angles for 10.

(A)

Atom

Atom

N (l)

N(l*)

0.895(8)

N i(l)

N (l)

1.983(4)

N i(l)

P(l)

2.1809(8)

Distance

Atom

Atom

Atom

Atom

N i(l)

N (l)

N(l*)

Ni(l*)

Angle (°)
180.00

The appropriate source of Ni(PEt3 ) 2 was eventually found to be 9 itself. When
stoichiometric amounts o f 9 were added to the reduction of 2 over 1% Na/Hg in pentane
and the reduction mixture was stirred slowly over 12 hours, 3 was formed in 40-50%
yields. Catalytic amounts of 9 were also added, and under the same reaction conditions, 3

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

was formed in 14-17 hours with similar yields to that of the stoichiometric reaction. It
was found that as little as 5% of 9 was enough to produce 3 in good yields. Complex 9
was also reacted with NiI(2-I-3-FC6H3)(PEt3)2 over 1% Na/Hg. In this case, no reaction
was observed.

4.5. Isolation of a Reaction Intermediate

Although the correct Ni(PEt3 ) 2 source was determined to be 9, the question still
remained as to how 3 was being formed. Going on the premise that an ortho-substituted
analogue of 1 could couple to form 3, reaction intermediate isolation was attempted. It
could be seen in 19F NMR spectra of these reductions, that as the quantity of 1 decreased,
a new product could be seen increasing before the production of 3 began.

This

intermediate appeared to be the same as the one that was observed in the hydrogenation
reactions. To isolate this intermediate, a dilute solution of 9 was added dropwise to a
solution of 1 in pentane over 1% Na/Hg. After all of 9 had been added, the solution was
filtered and placed in the freezer at -40 °C in an attempt to crystallize the intermediate.
Ni2(p-^:772-C6H2F2)(PEt3)2, 11 (Figure 16), was isolated as the intermediate, as a
crystalline orange solid. Selected bond lengths and angles for 11 can be seen in Table 6.
Complex 11 contains a unique p -if-.tf bonding mode of the benzyne fragment. Alkyne
\i-rj2\rj2

complexes are known45, but the related aryne complexes similar to this are better

described as 1,2-disubstituted phenylenes which have a \x-rf\if bonding mode to the
aryne.
Examination of 11 shows that the coordination of the Ni(PEt3 ) 2 fragment to the
benzyne complex 1, requires back-donation into both 7i-systems of the aryne.

The

evidence for this lies within the varied C-C bond lengths of the aryne fragment. The
C(3)-C(4) and C(5)-C(6) bond lengths are slightly shorter than typical aromatic C-C
bonds, with lengths of 1.3529(35) and 1.3560(36) A respetively. The C(l)-C(6) and C(2)C(3) bond lengths are found to be slightly longer, with lengths of 1.4203(34) and
1.4272(32) A respectively. This disruption in aromaticity confirms that back-donation in
the rc-systems of the aryne occurs.
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Figure 16. ORTEP depiction o f 11. Methyl groups and hyrdogen atoms have been omitted for
clarity.
Table 6. Selected bond lengths and bond angles for 11.

Atom

Atom

N i(l)

Ni(2)

N i(l)
N i(l)

(A)

(A)

Atom

Atom

2.7242(5)

N i(l)

P(l)

2.1664(7)

C(l)

1.916(2)

C(l)

C(2)

1.390(3)

C(2)

1.962(2)

C(l)

C(6)

1.420(3)

Distance

Distance

Atom

Atom

Atom

Angle (°)

Atom

Atom

Atom

Angle (°)

C(l)

N i(l)

C(2)

41.98(9)

C(l)

Ni(l)

Ni(2)

46.08(7)

C(l)

N i(l)

P(2)

142.85(7)

C(2)

Ni(l)

Ni(2)

44.80(6)

C(2)

N i(l)

P(2)

100.90(7)

P(l)

Ni(l)

Ni(2)

128.16(2)
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The NMR spectral data for 11, confirms that it is the same intermediate as was
found in the hydrogenation reactions of 1. This leads to the proposed reaction seen below
(Equation 14) for the hydrogenation. In this reaction, the H2 gas hydrogenates 1
producing 1,2-difluorobenzene and transient Ni(PEt3 )2 . The Ni(PEt3 ) 2 could then react
with 1 still in solution to form 11. The 19F NMR spectra in Figure 17 supports this
proposed reaction by showing that 1,2-difluorobenzene is produced in the reaction and 11
is also formed. The examination of the

1

P{ H} NMR spectra confirms the presence of

11 as well as transient Ni(PEt3 )2 , as indicated by the broad peak centered at 7.84 ppm.

Equation 14

Ni(PEt3)2

Ni(PEt3)2
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Figure 17. 19F NM R spectra o f the reaction o f 1 with H2.

45

40

35

30

20

IS

10

5

Figure 18. 31P{‘H} NMR spectrum o f the reaction o f 1 with H2.
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It should also be noted that 11 was found to cleanly convert 1 to 3 once the 1%
Na/Hg had been removed from the reaction. This reaction can occur over the course of
24 hours at both room temperature and -40 °C. A proposed mechanism by which this
conversion of 11 to 3 could go through, is the short lived benzyne intermediate in which
the H atoms are ortho disposed, 12 (Scheme 5)46. Once complex 12 is formed, it could
then undergo oxidative coupling to form 3.

Scheme 5

,PEt3
Ni

Na/Hg

SPEt3 (PEt3)2NiBr2

+ (PEt3)2Ni

Et3P

12

The mechanism in which 11 converts into the rearranged benzyne, 12, is likely the
result of C-H bond activation. Typically C-H bond activation is not preferred over C-F
bond activation in these types of reactions. However, in this case C-F bond activation can
be ruled out due to the proximity of the C-F bond. The C-F bond is simply too far away
from the Ni(PEt3 ) 2 fragment for the C-F bond to be activated. This proposed mechanism
involves the transfer of the hydride from one metal to another, is followed by reductive
elimination and loss of Ni(PEt3 )2 . This produces 12, which in turn could then couple to
form 3. Scheme 6 shows the proposed mechanism for the formation of 12.
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Scheme 6

)

Et3P,

Ni

Et3P

12

PEt;

H ~ ;N is
PEt3 PEt;

i—P Et
Et3P
PEt3

4.6. Proposed Coupling Mechanism for the Formation of 3.

The second proposed mechanism by which the formation of 3 could be occurring,
involves the coupling o f the biaryl rings first, followed by rearrangement via C-H bond
activation. This mechanism can be seen in Scheme 7. Complex 1 reacts with a Ni(PEt3 ) 2
fragment to form 11. Complex 11 then couples and loses Ni(PEt3 ) 2 to form a dinuclear
Ni(I) complex, i, where the protons para disposed. The Ni-Ni bond breaks, and the C-H
bond on one ring, that is in closest proximity to the Ni(PEt3 ) 2 centre on the other ring,
gets activated.

Another free Ni(PEt3 ) 2 fragment then removes the hydrogen atom,

forming a nickel hydride.

The compound that is formed from this reaction has a

Ni+1(PEt3 ) 2 fragment attached to the biaryl, which is probably unstable. Thus, a source of
HNi(PEt3 ) 2 is used to add a hydrogen atom to the carbon where the Ni+1 centre is,
resulting in the release of Ni(PEt3 )2 . This forms a mononuclear nickel complex, ii, where
one ring has ortho disposed hydrogens and the other ring has para disposed hydrogens.
Ni(PEt3 ) 2 then adds to this complex to form the dinuclear species, Hi. The process then
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repeats itself for the C-H bond activation of the other hydrogen on the ring where the
hydrogens are para disposed. The end product of this reaction is the desired complex 3.

Scheme 7
F

F
+ Nil-2

- 2NiL;

- HNiL2
Ni

Ni H

Nk.

/ \

1

NiL;

i

11

+ HNiL2

HNiLj

=

^NE"-“jNi^'

L

H

[_

Ni H
L

3

=

PEt,

n
+ NiL2

+ NiL2

Ni H
+ HNiL2

IV

//■/

A related mechanism given by Sharp et a l 41 using platinum and palladium
complexes, gives this proposed mechanism precedence. The mechanism described above
is similar to that proposed by Sharp et al. for platinum and palladium 1,4 shifts involving
a dibenz[a,c]anthracene compound. As seen in Scheme 8, a simplified version of the
dibenz[a,c]anthracene compound is seen undergoing a 1,4 shift through a series of
possible intermediates.

The first step is the loss of the phosphine ligand, which is

replaced by an agostic hydrogen interaction.

Then either C-H oxidative addition can

occur and form the upper intermediate, or sigma-bond metathesis can occur and form the
lower intermediate. Both intermediates then lead to the same product, which in turn with
the addition of a phosphine ligand, results in the 1,4 shifted product. This mechanism, as
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well as our mechanism, can also be compared to that of the Murai method in that the
placement of the transition metal catalyst directs the C-H bond activation of the complex.

Scheme 8

M= Pt, Pd
L- PEt3

Bridged nickel hydrides, such as the one proposed in Scheme 7, have been noted
before in such works by Vicic48 and analogous species could be involved in the
mechanism proposed.

However, in those cases, the phosphine groups were bulky,

chelating phosphines, which were able to stabilize the structure for characterization. In
the case with the hydride in Scheme 7, the triethylphosphine groups are not nearly as
bulky, thus the hydride complex would not likely be stable and ever present in a high
enough concentration in solution to observe it using NMR spectroscopy.

4.7. Isolation of a Dinuclear Intermediate

To help confirm or reject the proposed mechanisms, attempts were made at
isolating additional intermediates of the reaction. Looking at the coupling mechanism
(Scheme 7), a logical first intermediate to isolate is the dinuclear nickel complex with the
para disposed hydrogen atoms on both rings. The coupling of two molecules of 1 should
form this intermediate. To induce coupling, B(C6 Fs) 3 was added to a solution of 1 in
pentane, in hopes of removing a PEt3 from 1. The unstable 14 electron (PEt3 )Ni(r) C6 H2 F2 ) moiety, could then couple. Dark brown crystals were isolated from cold pentane.
However, the crystals were not that of the desired coupled product. They were instead
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the trinuclear nickel complex, Ni3 (p 3 -C6 H2 F2 )(p 3 -C6 H2 F2 -C6 H2 F2 )(PEt3 )2 , 13 (Equation
15).
Equation 15

Fv

.F

13

The solid state molecular structure of 13 can be seen in Figure 19 and selected
bond lengths and angles can be seen in Table 7. Complex 13 has a step-like structure
formed by the aryl rings (Figure 19, B). The biaryl ring is essentially planar with a C(l)C(6)-C(7)-C(8) dihedral angle of 1.4°. The other aryl ring is also planar also with the
Ni(3)-C(13)-C(18)-Ni(l) dihedral angle of 0.9°.
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Figure 19. A.) Front on and B.) side on ORTEP depiction o f 13. Hydrogen atoms and phosphine
ethyl groups are omitted.
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Table 7. Selected bond lengths and bond angles for 13.

Atom
N i(l)
Ni(2)
N i(l)
N i(l)
Ni(2)
Atom
N i(l)
C(l)
Ni(3)

Atom
Ni(2)
Ni(3)
C(18)
C(2)
C(13)

Atom
Ni(2)
Ni(2)
C(8)
Atom
C(8)
C(12)
Ni(3)
C(17)

Distance (A)
2.3798(6)
2.3834(6)
1.926(3)
2.198(3)
2.072(3)

Atom
Ni(3)
N i(l)
Ni(2)
Atom
C(7)
C(7)
C(13)
C(18)

Angle (°)
94.55(3)
52.56(8)
74.62(10)
Atom
C(6)
C(6)
C(18)
N i(l)

N i(l)
Ni(3)
C(6)
Ni(2)
Ni(3)

Atom
C(l)
P(3)
C(7)
C(18)
C(13)

Distance (A)
1.962(3)
2.1685(10)
1.458(5)
2.067(3)
1.921(3)

Atom
C(l)
C(18)
C(9)

Atom
Ni(2)
Ni(2)
C(8)

Atom
C(8)
C(13)
Ni(3)

Atom

Atom
C(l)
C(5)
N i(l)
C(2)

Angle (°)
86.50(13)
40.31(12)
81.50(19)

Dihedral Angle (°)
1.4
0.3
0.9
85.6

Bennett has made a similar compound to that of 1349. Through the reduction of
NiCl(2-ClC6H4)(P-i-Pr3)2 with 1% sodium amalgam, the benzyne complex Ni(r|2 C6H4 )(P-i-Pr3 ) 2 and Ni3(p3-C6H4 )(p3-C6 H4 -C6H4 )(P-i-Pr3 ) 2 were formed. Bennett states
that the formation of Ni3(p3-C6H4 )(p3-C6H4 -C6 H4 )(P-i-Pr3)2 , which is analogous to 13,
begins with the dissociation of a P-i-Pr3 group from NiCl(2-ClC6H4)(P-i-Pr3)2, and not the
benzyne complex. However, for the formation of 13, it is found that the trinuclear species
can be formed directly from the benzyne complex 1.

Bennett’s hypothesis of the

formation of Ni3(p3-C6 H4 )(|a.3-C6 H4 -C6H4 )(P-i-Pr3 ) 2 also states that a likely intermediate
involved in this reaction would be a benzyne complex with a singly coordinated
phosphine and that two of these benzynes couple to form a 2,2'-biphenylylnickel(I)
species. This hypothesis concurs with our findings.
Other Lewis acids were looked at to see if they could remove the phosphine from
the benzyne complex to induce coupling, but also be able to donate the phosphine back to
the nickel to stabilize the dinuclear species, so it wouldn’t convert to 13. Attempts to do
this were unsuccessful.
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Upon closer examination of 13, it was thought that if PEt3 were added back to it,
that 1 would be regenerated, as well as the desired intermediate, /. This was attempted
with both stoichiometric and excess PEt3 . In both cases, 1 was formed, as well as two
other products. The proposed reaction can be seen in Equation 16.
Equation 16

PEtEtgR

PEt,

Et,P

F

13

PEt.

\

r

~

C4. /
Et3P

\

/ / ' "

F

'Ni

\

PEt3

B
+

Ni(PEt3)4

When left overnight, 1 remained stable in solution, however the desired coupled
product, /, appeared to be decomposing, even at low temperatures. The peaks that were
initially assigned to i had decreased dramatically, while the peaks that were assigned to
B, had increased in relative intensity in the 19F NMR spectrum (Figure 20).

This

indicates that i is slowly converting into B. !H, 19F, and 31P{1H} NMR spectra have been
shown to agree with the proposed products.

However, a solid state structure of the

products would be required in order to confirm this.
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Figure 20. 19F NM R spectra o f products o f reaction o f 13 with PEt3, both immediately, top, and after
2 hours, bottom.
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It was not possible to isolate any products, including 1, from the reaction mixture.
The products were consistently a thick, oily product.

In an attempt to remedy this

problem, the less bulky phosphine, PMe3 was added instead of PEt3 . This addition
resulted in Ni(r|2 -C6 H2 F2 )(PMe3 )2 , l- P M ^ precipitating out of solution as an orange
solid. Once l-PM e 3 had been filtered out, the remaining solution was concentrated and
small orange crystals of (PEt3)2(PMe3)2Ni2(r|2-C6H2-4,5-F2)2,14 were isolated. The solid
state molecular structure for 14 can be seen in Figure 21 and selected bond lengths and
angles can be seen in Table 8. Complex 14 is analogous to 3 except with para disposed H
atoms on the aryl rings and each nickel centre has one PMe3 and one PEt3 group on it.
The 19F NMR spectrum for 14 confirms is identical to that of /. Complex 14 is found to
be stable in solution at room temperature for weeks. This was unexpected in that it was
thought that 14 would be unstable and convert to an analogue of B bearing a PMe3 rather
than a PEt3 donor (Equation 16), or at least decompose in solution at a rate comparable to
that of the decomposition of 3, which was stable in solution for 5 days at room
temperature, but longer at -40 °C.
Complex 14 has a Ni-Ni bond length of 2.3143(16) A. This is close to the Ni-Ni
bond length found in the analogous compound 3, whose Ni-Ni bond length was
2.4008(16) A. The planarity of the rings is almost identical to that of compound 3 with a
C(l)-C(2)-C(2*)-C(l*) dihedral angle of 26.2° and a C(3)-C(2)-C(2*)-C(3*) dihedral
angle of 28.8°. The N i(l)-C(l *) bond length is 1.956(6) A while the distance between the
N i(l)-C (l) atoms is 2.306 A, which is almost identical to the nickel-aryl carbon
interactions that were seen in 3 that had lengths of 2.326 A.
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Figure 21. ORTEP depiction o f 14. Hydrogen atoms and CH3 groups o f PM e3 have been omitted for
clarity.

Table 8. Selected bond lengths and bond angles for 14.

Atom

Atom

N i(l)

N i(l*)

N i(l)
C(2)

(A)

(A)

Atom

Atom

2.3143(16)

N i(l)

P(l)

2.1808(19)

C(l*)

1.956(6)

N i(l)

P(2)

2.1967(19)

C(2*)

1.475(11)

C(l)

C(2)

1.418(8)

Distance

Distance

Atom

Atom

Atom

Angle (°)

Atom

Atom

Atom

Angle (°)

C(l)

N i(l)

C(2)

41.98(9)

C(l)

N i(l)

Ni(2)

46.08(7)

C(l)

N i(l)

P(2)

142.85(7)

C(2)

N i(l)

Ni(2)

44.80(6)

C(2)

N i(l)

P(2)

100.90(7)

P(l)

Ni(l)

Ni(2)

128.16(2)

Several attempts were made to isolate some of the other intermediates in the
conversion of 1 to 3. Excess 9 was added to 1 over 1% Na/Hg and stirred rapidly as to
react 1 completely, but form little 3, as to maximize the amount of intermediates in
solution. The reaction was then stopped after 1 was consumed, filtered, and cooled to
58
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crystallize any intermediates. However, this approach failed to yield 3 or any isolable
intermediates. Attempts at isolating the intermediates through this method proved futile,
as the excess amount of 9 appeared to cause different products in the 19F NMR spectra
than with stoichiometric or catalytic amounts of 9. It is believed that the excess Ni(PEt3 )2
in solution is reacting with the typical intermediates, preventing their isolation.

In a

reaction with a stoichiometric amount of 9, once 1 had been consumed, the solution was
filtered and excess PEt3 was added to the solution in hopes o f quenching any further
conversion of intermediates to 3. The solution was then cooled to -40 °C to in an attempt
to crystallize any of the intermediates present.

However, the excess PEt3 present in

solution appeared to cause the typically seen intermediates to decompose before
crystallization could occur. Varying amounts of PEt3 were used to see if an optimal
amount of PEt3 could be achieved so as to halt conversion of intermediates to product, but
not decompose the intermediates. It was found that even very dilute amounts of PEt3
would lead to decomposition of any intermediates before isolation was possible.

4.8 .19F NMR Spectroscopic Support for the Coupled Mechanism

Once complex 14 was isolated and fully characterized, the 19F NMR spectroscopy
data for the reaction to form 3 could be more carefully examined.

Complex 11, the

intermediate that is formed when Ni(PEt3 ) 2 is added to 1, can be identified in the 19F
NMR spectrum as a triplet at -73.1 ppm. Following the coupling mechanism, the next
step would be the formation of the coupled complex,

which has the hydrogen atoms in

the para position on the aryl ring, analogous to that of complex 14. Since the fluorine
chemical shifts will not be affected by having PMe3 in place of one of the PEt3 on each
nickel centre, the shifts seen in the 19F NMR spectrum should be the same. These can be
seen as two multiplets at -72.3 ppm and -73.1 ppm. The next intermediate that could be
seen would be ii. For this complex, there should be four different fluorine environments,
with one of those environments being drastically shifted downfield due to its proximity to
the nickel atom. Complex ii could be assigned the fluorine resonance at -35.6 ppm and
the other three fluorine environments are likely obscured by the resonances associated
with 11 and 14. Complex iii is another dinuclear Ni(I) complex with one ring containing
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para disposed hydrogen atoms, and the other ring containing ortho disposed hydrogen
atoms. This would result in four different fluorine environments. The resonance for the
fluorine atom three bonds away from the nickel centre, is assigned to the resonance at 35.6 ppm. The other fluorine atom on the same ring, shows a resonance at -73.4 ppm.
This is expected since this ring, which has the hydrogen atoms ortho disposed, is identical
to the rings in 3. The remaining two fluorine environments would be obscured by the
resonances for 11 and 14.

The last intermediate, zv, would have only two different

fluorine shifts due to its symmetrical nature. These shifts would be expected to be similar
to that of 3. However, this complex is not stable for a long enough period of time to be
seen in 19F NMR spectroscopy.

Attempts at making an analogue to z'v by reacting

octaflurobiphenylene and Ni(PEt3 )4 , using a modified literature preparation,50 where the
aryl rings are entirely fluorinated, was unsuccessful (Equation 17). However, the fully
protonated version can be synthesized, demonstrating that the fluorines may destabilize
these complexes. Figure 22 shows the assignment of the 19F NMR spectrum containing
the intermediates. A 19F-19F COSY was also run to help assign the peaks. Since the 19F
NMR spectroscopy data coincides with that of the coupling first mechanism, it is believed
that this is the mechanism in which the synthesis of 3 follows.

Equation 17

Ni(PEt3)4
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Figure 22. ,9F NMR spectra of intermediates in the formation o f 3 from 2.
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4.9. Deuterium Labelling Study

Deuterium labelling studies were conducted in attempt to further understand the
mechanism

of

formation

of 3.

The

difluorobenzene

(Equation

18)

l,2-dibromo-3,6-dideutero-4,5-difluorobenzene

and

compounds

l,2-dibromo-3-deutero-4,5-

(Equation 19) were synthesized through hydrogen/deuterium exchange on the starting
material 1,2-dibromo-4,5-difluorobenzene.
Equation 18

5% THF/Et2Q
1.) LDA
2.) CHgCOOD

Equation 19

5% THF/Et2Q
1.) 6 consecutive additions LDA
2.) 6 consecutive additions CH3OD

1-d2 and l-d; were both made and reacted with 9 over 1% Na/Hg. The reaction of
\-cl2 with 9% Br2 Ni(PEt3 ) 2 over 1% Na/Hg in pentane produced only a fully deuterated
product, 3-d4 . This proves that hydrogen atoms from the solvent are not incorporating
themselves into the reaction pathway.

A further confirmation of this was achieved

through converting the fully protonated version of 1 to 3 using CeD6 as the solvent. In
this case, deuterium was not seen to be incorporated into the reaction, thus reinforcing
that solvent hydrogen atoms are not taking part in the reaction mechanism.
Complex 2-d] was used in conjunction with the fully protonated version of 2 and
NMR spectroscopy was monitored in an attempt to see if there was any kinetic isotope
effects occurring.

Through monitoring the formation of 3 through 19F NMR
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spectroscopy, it was determined that there was no difference in rate of reaction between
the protonated and deuterated sites.
To determine whether the reaction to form 3 was intramolecular or intermolecular,
the synthesis of 3 was done with a 50:50 mixture of 2 and 2-fifc- The reaction was
completed and then quenched with Br2 to remove the nickel fragment from the organic
biaryl ring. GC/MS was performed on the organic fragment. The fragmentation pattern
observed from the organic fragment was compared to that of the predicted fragmentation
patterns that were modelled for both the intramolecular and intermolecular reactions.
These modelled patterns were determined based on the ratio of all of the possible
combinations of deuterium and hydrogen on the biaryl ring for both cases. The results
from the GC/MS allowed the comparison of the actual isotope pattern to that of the
proposed patterns, which showed the reaction to form 3 was intermolecular.

The

differences between the actual isotope pattern and the predicted isotope pattern were
compared to see if there was a small percentage of an intramolecular reaction occurring.
This was found not to be true, thus the error could be attributed to instrumental error.
Comparing our mechanism once again with Sharp’s47 (Scheme 8), the two mechanisms
now contrast. Sharp’s mechanism is intramolecular, whereas ours was determined to be
intermolecular.

PEtj

, / PEt3

PEt,

PEtj

Br2Ni(PEt3)2
Na/Hg

3 + 3-d, + 3-d2 +

3-d3 + 3-d4

Br2

Expected ratio intermolecular. 1
Expected ratio intramolecular: 1

D/H

F

H/D D/H

BrBr

H/D

F

Figure 23. Deuterium labelling reaction with expected intermolecular and intram olecular ratios.
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Intensity 50

Intensity

Intensity

60
50

50

Figure 24. Predicted isotope pattern for an intramolecular reaction (upper), an intermolecular
reaction (middle), and the actual isotope pattern (lower) for the Br2 quenched 2 ,2 ’-dibrom o-3,3’,4,4’tetrafluorobiphenyl fragment obtained from the mixture of isotopomers o f 3, obtained from the 50:50
mixture of 2 and 2 -d2.
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Since the mechanism was determined to be intermolecular, transition states to the
intermediates proposed in Scheme 7 could be hypothesized. The transformation from i to
ii would involve a transition state in which the Ni-Ni had broken and was able to activate
the nearby C-H bond, while a Ni(PEt3 ) 2 fragment is able to abstract the hydrogen
releasing a nickel hydride. This would then form the paramagnetic intermediate with the
terminal Ni+1(PEt3 ) 2 group, which can then convert to ii. The same type of transition state
would exist for the conversion of iii to iv (Equation 20).
Equation 20

- HNil_2

Ni H

Nil-2

NiL2

/

Ni H

iii

4.10. Formation of Analogues of 3.

Since 3 is such an unique complex, the synthesis of analogues to 3 via alternate
routes was attempted. Using 2,2 -dibromobiphenyl and oxidatively adding Ni(PEt3 ) 2 to
the system, what seemed like an appropriate starting material for a fully protonated
analogue to 3 was formed. Using a similar preparation method as was used to form 2,
2,2’-bis[bromobis(triethylphosphine)nickel]biphenyl, 15, was synthesized.
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Equation 21
PEt-

+

Ni(COD)2

+

2 PEt3
PEt3

15

Since no X-ray quality crystals of 15 could be isolated, characterization using *H
NMR spectroscopy had to be relied on. This complex is the bromine analogue to the
2,2'-bis[chlorobis(triethylphosphine)nickel]biphenyl version that was isolated by Fahey43
in 1973. For Fahey’s compound, it was found that the resonances of the Hg and

were

located at 12.27 ppm in CeD6. This shift was found to be 4.4 ppm downfield from the
same protons in the biphenyl. This was found to due to the fact that this molecule is
locked in position because of steric congestion. This results in the nickel atoms to be held
approximately 2.2 A from the hydrogen atoms that are ortho to the biaryl C-C bond, and
thus causing the shift for the protons.

The 3H NMR spectrum for 15 shows the

characteristic peak at 12.25 ppm, as well as the other aromatic protons which match with
the analogous 2,2 '-bis[chlorobis(triethylphosphine)nickel]biphenyl.
The yields for the oxidative addition product were low and the reduction of this
compound in hopes o f forming the analogue failed.

Na K, Na naphthalene, Na/Hg

amalgam, Ni(PEt3 )4 , and LDA were all used in hopes of forming the dinuclear complex.
However, none of these were able to reduce 3 to the dinuclear analogue. In fact Na K and
LDA were found to not react at all, while Na naphthalene and Na/Hg amalgam seemed to
destroy the starting material, producing Ni(PEt3 ) 4 and a multitude of organic compounds.
Ni(PEt3 ) 4 reacted somewhat with the starting material. While the analogue may have been
transiently formed during the reaction, this was not the final product. There were found
to be two final complexes in the reaction, one being a mononuclear nickel complex, 16,
and the other being unreacted 15.
A very small amount of 16 was crystallized out of pentane as yellow crystals at 40 °C. The solid-state molecular structure for 16 is seen below (Figure 25). Selected
bond lengths and angles for 16 are seen in Table 9. An interesting thing to note about the
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solid-state structure of 16, is that its geometry about the nickel center, which should be
square planar, is somewhere in between tetrahedral and square planar geometries (Figure
26). A tetrahedral geometry would lead to angles of 109.5° about the nickel center, while
a square planar geometry would have 90° angles about the nickel. However, complex 16
has angles of 96.99(6)°, making it right between the two geometries. This is due to the
fact that the PEt3 ligands are too bulky to conform to the desired square planar angles.

C3

C4

C2
C5

C6

Nil

C7

C8

C1

C12

C11
C9

C10

Figure 25. ORTEP depiction of 16. Hydrogen atoms have been omitted for clarity.
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Figure 26. Alternate ORTEP depiction o f 16. Ethyl groups and hydrogen atoms have been omitted
for clarity.

Table 9. Selected bond lengths and bond angles for 16.

(A)

Atom

Atom

N i(l)

C(l)

1.9173(19)

N i(l)

P(l)

2.2358(7)

C(2)

C(2)*

1.465(4)

Distance

Atom

Atom

Atom

Angle (°)

C(l)

N i(l)

P (l)

96.99(6)

C (ll)

P(l)

N i(l)

104.24(7)

C(9)

P(l)

N i(l)

104.24(7)

C(7)

P(l)

N i(l)

117.48(8)
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Complex 16 has been formed before by Tsay et a l 50 through the reaction of
biphenylene with tetrakis(triethylphosphine)nickel at 0°C (Figure 27), however no crystal
structure has ever been reported.

This is likely due to the fact that 16 is thermally

unstable and will spontaneously form a dibenzonickelole-bis(triethylphosphine) complex
(Figure 27). This occurs rapidly at room temperature and can be characterized quickly by
the abrupt colour change in solution from pale yellow to a deep green.

0°C
Ni(PEt3)4
-2 PEt,
Ni

/ \

EtgP

PEt3

16

PEt-

........ .
16

Figure 27. Formation o f 16 and decomposition o f 16 to a dibenzonickelole-bis(triethylphosphine)
complex as observed by Tsay50.

Complex 16 is analogous to intermediates ii and iv from the coupling first reaction
mechanism to form 3 (Scheme 7). This shows that these types of complexes can be
formed, thus making ii and iv feasible intermediates.
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4.11. Reactions with 3.

Once the synthesis of 3 had been optimized, reactivity studies were performed.
Complex 3 was reacted with diphenylacetylene in pentane. This reaction resulted in the
insertion of the organic fragment into the biaryl system and the displacement of the nickel
phosphine fragments.

Equation 22
PEtPEt-

F
Ph

Ph
17

Ph

Ph

PhPEt-

The organic fragment, 17, was crystallized from pentane at -40 °C as yellow
needles (Figure 28). Selected bond lengths and angles for 17 can be found in Table 10.
Since an excess of diphenylacetylene was required to consume all of 3 present, it is
believed that the Ni(PEt3 ) 2 fragments that are displaced are reacting with the
diphenylacetylene to possibly form a cyclonickel product such as that in Equation 22.
This structure is possible based on the NMR spectra obtained, that show one phosphorous
environment and no fluorine environments, and due to the fact the three equivalents of
diphenylacetylene are required to fully consume all of 3. The products of this reaction
would be consistent with other reactions of acetylene and aryl transition metal
complexes1. However, this product has yet to be isolated.
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C23

kC 2 2

C 24

C 18

C 19

C21 C2Q

C 26

C 25

C 17

C15

C1
C8

C7

C9

C1

C6

C2

C 10

C14

C5

C13

C3

C11
C 12

C4

Figure 28. ORTEP depiction o f 17. Hydrogen atoms have been omitted for clarity.

Table 10. Selected bond lengths and bond angles for 17.

Atom

Atom

CO)

C(8 )
C(9)
C(21)
C(16)

C( 8 )
C(20)
F (l)
Atom
C(8 )
C(7)
C(22)

Atom

CO)
C( 8 )
C(21)

Distance (A)
1.368(10)
1.504(10)
1.448(10)
1.338(9)
Atom
C(l)
C(15)
C(20)
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Angle (°)
117.8(6)
1 2 1 .0 (6 )
121.1(7)

Complex 3 was also reacted with H2 gas, which resulted in the hydrogenation of
the biaryl fragment (Equation 23).
Equation 23
PEt-

F'

HAHa
+

✓W

H,

\

_Fa

+

Ni(PEt3)4

He He

18

This hydrogenated biaryl compound, 18, has yet to be crystallized, but can be
characterized by various NMR spectral data. This biaryl fragment was observed in the
19F NMR spectrum as a ddd at -58.6 ppm,

Fb,

and a dddd at -61.1 ppm,

Fa -

Each fluorine

atom is coupled to the adjacent fluorine as well as the nearby hydrogen atoms on the ring
(Figure 29). The *H NMR shows two sets of multiplets as well at 6.78 and 6.90 ppm with
integrations of 4 and 2 respectively (Figure 30). The protons at 6.90 ppm are those 3
bonds away from one other proton only, Ha (Equation 23), which would couple to both
fluorine and the adjacent hydrogen atom to give a doublet of doublets of doublets. The
protons at 6.78 ppm are those which 3 bonds away from another proton, as well as 3
bonds away from fluorine atom, He and He- (Equation 23). These atoms experience more
complex coupling and also experience a shielding effect from the electron rich fluorine
which results in an upfield shift with respect to the other proton. B and C overlap with
eachother, with the coupling pattern of B expected to be a doublet of doublets of doublets
of doublets and C expected to be a doublet of doublets of doublets.
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Hi. He

6 .7 5

Figure 30. 300 M Hz 'H NM R spectrum o f 18.

The

31

P{ 1H} NMR spectrum has a broad peak at 6.63 ppm (Figure 31). This is an

overlapping set of peaks that belongs to the dissociated species of 6 , which would be the
expected nickel-containing product of the reaction. One broad peak is seen due to the
exchange of phosphines between Ni(PEt3 )4 , Ni(PEt3 )3 , and Ni(PEt3 ) 2 in solution. This is
also confirmed based on the colour change of the reaction. The initial solution is brown,
and upon addition of H2 , the solution turns a vibrant purple colour which is indicative of
the Ni(PEt3 ) 3 and Ni(PEt3 ) 2 species. Complex 18 would be colourless or white.
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Figure 31. 31P {‘H} NMR spectra o f reaction o f H 2 with 3.

The reactions of 3 diphenylphosphine, triethylsilane, and borane were also
attempted. It was found that no reaction occurred between triethylsilane and 3, while
multiple products were formed from the reaction of borane and 3.

The reaction of

diphenylphosphine with 3 looked to form a single product in the 19F NMR spectra,
containing two multiplets at -58.6 and -61.1 ppm. These peaks look identical to those of
complex 18, indicating that the hydrogen atom of the diphenylphosphine hydrogenated
the biaryl system. The 'H NMR spectra confirms the production of the hydrogenated
biraryl system by exhibiting the same peaks as seen in the actual hydrogenation reaction.
The

31

P{ 1H} NMR spectra of the reaction shows five different singlets. The singlet at -

39.5 ppm is due to free HPPI1 2 . The singlet at -18.4 ppm is due to free PEt3 . The other
singlets at 8.18, 8.38, 8.40, and 15.1 ppm are likely to represent various nickel phosphine
complexes with either PEt3 or PPI12 .
The

ability

of 3

to

undergo

phosphine

exchange

was

also

tested.

Trimethylphosphine was added to a solution of 3 in pentane. It was observed through
31

P{’H} NMR spectra that the trimethylphosphine could displace the triethylphosphine in

solution. This is observed by a pair of new phosphine peaks becoming visible, as well as
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the presence of free triethylphosphine. Dppe was also added to 3 and also resulted in
phosphine exchange. Once again new phosphorous peaks were observed as well as free
triethylphosphine.
indicating

After 3 days, new peaks representing Ni(dppe ) 2 started to appear,

decomposition

of 3.

This

did

not

occur

when

reacting

with

trimethylphosphine.
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5. Conclusions
Complex 3, a novel Ni(I)-Ni(I) compound, was found to be formed via C-H bond
activation. This results in a rearrangement in which the hydrogen atoms are changed
from being para disposed in both 1 and 2, to being ortho disposed in 3. The C-H bond
activation is catalyzed by the Ni(0) fragment, Ni(PEt3 )2 , and occurs under ambient
conditions and with good yields. C-F bond activation was precluded for the formation of
3 due to the proximity of the C-F bonds in relation to that of the Ni(PEt3 )2 . It was
determined that the addition of Br2 Ni(PEt3 ) 2 to the reduction reaction of

2

to 1 , in both

stoichiometric and catalytic amounts of as little as 5%, was needed for the C-H bond
activation to occur. Using other sources of Ni(PEt3 ) 2 were found to be unsuccessful.
The fact that nickel could catalyze a C-H bond activation under ambient
conditions is unusual, since there are very few reported cases in which this occurs.
Perhaps more astonishing, is that nickel performs C-H bond activation in the presence of
C-F bonds, which until now, no such reactions have been reported. The selectivity of the
C-H bond activation was found to mirror that of the Murai method.
Deuterium studies proved the mechanism of reaction to be intermolecular. 19F
NMR spectroscopy was found to support the mechanism that involved the coupling of the
biaryl rings first, followed by C-H bond activation, and was used to confirm postulated
intermediates in the reaction. The isolation and characterization of intermediates 11 and
14 aided in solidifying the postulated coupling first mechanism.
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6. Future Work
To form a more complete reaction mechanism, other intermediates could be
attempted to be isolated, possibly through the addition of alternate phosphine groups.
Reactions and attempted isolation at low temperatures could also be tried.
The usage o f Br2 Ni(PEt3 ) 2 could also be tested to see its potential as a C-H bond
activator for other transition metal and organic complexes. It could also be tested as a CF bond activator since it is well known that nickel complexes can participate in C-F bond
activation. If Br2 Ni(PEt3 ) 2 is found to be proficient at C-H bond activation with a variety
of other complexes, this would be very beneficial to those reactions that depend on C-H
bond activation. A lot o f current C-H bond activation performed by transition metal
catalysts occur under harsh conditions, such as extreme temperatures, or involve highly
expensive catalysts.

However, Br2 Ni(PEt3 ) 2 performs C-H bond activation efficiently

under ambient conditions, and is also inexpensive.
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7. Introduction to Tripodal Transition Metal Complexes

The formation of multinuclear transition metal complexes has long been the centre
of focus for many chemists, since these complexes have been known to have various
interesting properties, such as luminescence51' 53 and magnetism54, as well as the potential
for redox reactivity55. Forming these complexes in an organized fashion has proved to be
difficult, so ligand design has become very important. By creating a suitable ligand and
reacting it with various transition metals, it is hoped that an organized transition metal
cluster can be formed and the properties listed above be studied.

7.1. Polydentate amido ligands

Various polydentate ligands have been synthesized and explored for use as
structural building blocks for several transition metal complexes.

Polydentate amido

ligands are quite often the focus of such reactions56'63. Tridentate ligands with chelating
amides have been looked at intensely over the past decade for their reactivity with
transition metals. This is due to the fact that R2N' donor groups can be put into a wide
variety of chemical environments57. Also, amides have been found to have excellent aand Jt-donor capabilities, which make them a good choice to react with the Lewis acidic
metal centres64. An example of this is the work that Gade 5 9 has done with various
diamidoamine ligands. Figure 32 shows some of the diamidoamine ligands that Gade has
synthesized. Theses ligands are more flexible in coordination geometry than some of the
previously synthesized amidopyridine ligands.

These types of ligands can react with

various transition metals, such as zirconium, (Figure 32 , C) tungsten, titanium, and
yttrium.
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Figure 32. Polydentate amido-donor ligands.

7.2. Tripodal Ligand Systems

Tripodal ligand systems have also been developed. These ligands also involve an
amido portion in the system. Several tripodal systems have been formed in which either
carbon or silicon is the central component of the ligand (Figure 33)57. The substituents at
the nitrogen can be varied in a one step synthesis. The ligands seen in Figure 33 can be
treated with BuLi to form a neutral lithiated complex, which adopts a “claw-like”
arrangement. The “claw-like” structure is one of the possible conformations that these
types of ligands can adopt. The other is the “inside out” or “inverted” conformation in
which the ligand arms are flipped out in the opposite direction (Figure 34).

The

“inverted” conformation has yet to be observed in a metal complex.
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Figure 33. Triam ido ligands synthesized from A.) trisilylmethane, and B.) trisilylsilane.
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Figure 34. Examples o f A.) claw-like, and B.) proposed inverted tripodal ligands.

The lithiated complexes can then react with a transition metal chloride compound,
such as ZrCU57. This results in the loss of LiCl and the nitrogen atoms then act as donors
to the transition metal. Figure 35 shows this reaction. It can be seen that the ligand takes
on the “claw-like” conformation when binding to the zirconium.

I

H

H
1.)n-BuLi

Me2Si"' /
"-SiM e,
1 $iMe2 |
p^>-N

2.) ZrCI4 ^

NL

n

R

Me2S i" " V _

"-SiM e2

| ?iMe2 |

R

- x /•
R

‘R

Zr

I
Cl
Figure 35. Reaction o f trisilylmethane tripodal ligand with ZrCl4.

The group on the transition metal, in the case of the zirconium from Figure 35
where the group is a chlorine atom, can be replaced by various other groups, such as
alkanes and hydrogen.

This is done through one step reactions where the transition

metal-ligand complex is reacted with desired substituent (ex. H2 gas at 90°C)
desired product (ex. hydrogenated Zr complex).

to give the

These reactions show that the core

transition metal-ligand complex is stable and maintains its integrity through several
different types of reactions.
Although not as common as tripodal ligands complexes of other transition metals,
a few copper complexes have been formed65’66. The tripodal ligands for these copper
81
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complexes contain a nitrogen in the backbone of the ligand. As seen in Figure 36 66,
theses ligands bind through all four amido donor groups in the ligand to a single copper
centre.

These complexes were synthesized to test their ability to assist in catalyzing

polymerization reactions. Catalysts using copper would be ideal since copper is readily
available and inexpensive.

Figure 36. Examples of Tripodal Amido Copper Complexes.

7.3. Cooperative Metallic Complexes

Cooperative bimetallic complexes formed using tripodal amido ligands are also of
interest. It is believed that the bimetallic complexes would behave differently from those
of the monometallic complexes. The redox activity of the bimetallic complexes is often
the main focus for these types of complexes. The bimetallic complexes synthesized by
Bosnich55, were found to have typical physical properties of other bimetallic complexes.
However, it was the redox properties that proved to be most interesting.

Using his

binucleating ligands, the bimetallic complexes were formed in a rather straight forward
process. It was found that the redox potentials the final complexes exhibited depended on
the structural demands of both the ligands and the metal. When dealing with the cobalt
complex, [Co2+(macrocyclic amine)Co2 +Cl]+, FeCp2 + is used to promote the oxidation of
one of the cobalts, to produce [Co3+(macrocyclic amine)Co2 +Cl]2+. It was found that the
oxidation where the ligands have amines, occurs more readily than those that have
imines. This is likely due to the fact that the amine ligands have a greater conformational
flexibility than the imine ligands. It was also found that the same redox reactivity held
true for those complexes containing metals other than cobalt, which have higher oxidation
states.
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7.4. d10-d10 Interactions Resulting in Luminescence

Research involving polynuclear transition metal complexes and their potential for
luminescent properties has recently explored the interactions of polynuclear d 10 metal
complexes . The formation of such compounds involves the use of various ligands, both
bridging and ancillary. The charge-transfers occurring in these complexes can be metal to
ligand, ligand to metal, metal centered, or ligand centered in nature.

Luminescent

compounds are common in nature, and the most well known are metallothioneins.
Metallothioneins are a group of proteins which are high in cysteine residues.

These

proteins can bind multiple metals from group 11 or 12, such as copper or cadmium. It has
been found that metallothioneins with the group 11 metals of Cu+1, Ag+1, and Au+1
display photoluminescence in the 500-700 nm region.

Diphosphine and triphosphine

ligands used in combination with gold(I), have produced various bridged gold(I)
complexes that display interesting luminescent properties due to the d 10 -d 10 interactions
that are occurring52. Typically, the interactions between the d 10 centre are repulsive.
However, it is believed that in the cases where these d I0 -d 10 interactions are occurring,
there is mixing of the filled d-orbitals with the empty, higher energy s and p orbitals,
which results in weak interactions.

Figure 37. Phosphorous bridged gold(I) complexes with photoluminescent properties,

Copper complexes with interesting photoluminescent properties are also
known67,68. Recent work by Peters has developed compounds, like seen in Figure 38,
which contain a CU2 N 2 core. These complexes have been shown to have unexpectedly
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large quantum yields and long excited-state times. They have also been shown to have
interesting redox potential, which could lead to these types of complexes to act as a
photoreductant or photosensitizer.

Cu/ \
Cu

Bu1

Figure 38. Example o f a Cu2N2 Core System.

7.5. Ligand Design for Cluster Formation

In order to form organized networks of various metals, a new ligand design has
been synthesized, which has the capability to bind to more than one metal centre. By
doing so, synthesized complexes are hoped to demonstrate characteristics such as
luminescence, magnetism, and redox properties. However, the design of these ligands to
make organized metal-ligand clusters, is often quite complex.

New ligand design

techniques have led to the development of a series of new ligands involving two types of
common donor groups, amides and phosphines. Arranging these groups on a tripodal
framework correctly, would allow for bonding of the donor groups to different metal
centres60. Modifying a previously made ligand, which was originally designed for use as
a fire retardant69, these phosphine and amide tripodal ligands can be synthesized. This
can be done through the reaction of P(CH2 0 H) 3 with various anilines to form the ligand
[P(CH2 NArx)3 ]H 3 , where Arx represents a substituted aryl ring (Figure 39).

These

ligands can be formed readily as spectroscopically pure powders with yields around
80%60.
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^ A r*
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HN

P.

NH
cf3

Arx = CF3
Figure 39. New ligand design with both phosphorous and amide donors.

When reacting the ligand with early transition metals, the amido donors are
expected to chelate to the metal. The phosphorus atom would not bond and the lone pair
on the phosphorus would be directed away from the amido group, thus being ready to
bind an additional metal. A similar type of reactivity is known for other tripodal ligands,
but in the case of those ligands, there is no phosphorus present to bind to an additional
metal. For the new ligand design to bind to multiple metal centres, there are two possible
binding modes available (Figure 40). In the first mode, /, the phosphine and the amide
donors are all binding in the same direction, making the donor orbitals all parallel to each
other.

Due to this orbital arrangement, chelation to a single metal centre would be

impossible. The second possible bonding mode, ii, results when the phosphine donors of
multiple ligands, bind to the same metal centre. The amido donors, for the same reason
as in i, cannot bind to the same metal as the phosphines, but can bind to other metals
forming a multinuclear metallic cluster.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 40. Two possible binding modes o f the amido-phosphino ligand that could lead to multinuclear
metal complexes.
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8. Experimental
8.1. General
The materials discussed in this report are oxygen and/or moisture sensitive. All
reactions were performed under an atmosphere of dry oxygen-free dinitrogen by means of
standard Schlenk or glovebox techniques.

All solvents unless otherwise stated were

purchased from Aldrich and purified using a Grubbs’ type column system produced by
Innovative Technology. CgD6 was dried over Na/K and degassed by three freeze-pumpthaw cycles. Deuterated toluene was purified in an analogous manner by refluxing over
Na. 'H,

31

P{ 1H},

19

F,

and variable-temperature NMR spectra were recorded on

a 500 MHz or 300 MHz Bruker AMX Spectrometer. Chemical shifts are reported in
ppm, relative to an external standard (C 6 D 5 H at 7.15 ppm for 'H spectra and C 7 D 7 H at
2.09 ppm with respect to trimethylsilane at 0.00 ppm.) 85% H3 PO4 was used as an
external reference at 0.00 ppm for 31P {*H} spectra, and trifluoroacetic acid at 0.00 ppm
for 19F {'HI spectra.

^ C l’H} spectra were referenced relative to solvent resonances

(C6 D6 , 7.15 ppm; C7 D 7 H 20.4 ppm).
Carey 50 spectrophotometer.

UV/Visible spectra were obtained on a Varian

Fluorescence spectra were obtained on a Varian Carey

Eclipse fluorescence spectrophotometer. Quantum yields were obtained relative to 9,10diphenylanthracene. Elemental analyses were performed by the Centre for Catalysis and
Materials Research (CCMR), Windsor, Ontario, Canada. The compounds l-bromo-2,4,6trimethylbenzene, tris(hydroxymethyl)phosphine, copper iodide, 1,4-dioxane, and 3,5bis(trifluoromethyl)aniline were purchased from

Aldrich.

Mesitylcopper70

and

[P(CH2N(C 6 H 3 - 3 ,5 -(CF3 )2 ]60, 19, were prepared by literature procedures.
X-ray crystallography was performed by Dr. Samuel A. Johnson. The X-ray analysis
of the complexes were studied using a Siemens SMART System CCD diffractometer.
The X-ray structures were obtained at low temperature, with the crystal covered in
Paratone and placed rapidly into the cold N 2 stream of the Kryo-Flex low-temperature
device. The data were collected using the SMART71 software on a Bruker APEX CCD
diffractometer using a graphite monochromator with Mo Koc radiation (k = 0.71073 A).
77

Data reductions were performed using the SAINT software, and the data were corrected
for absorption using SADABS . 73 The structures were solved by direct methods using
SIR973 9 and refined by full-matrix least-squares on F2 with anisotropic displacement

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

parameters for the non-H atoms using SHELXL-9774 and the WinGX41 software package,
and thermal ellipsoid plots were produced using ORTEP32

42

The disorderd atoms were

modelled with isotropic thermal parameters.

8.1.1. Synthesis of [P(CH 2 NArCF 3 )3 ]2 Cu 9 (ji-2 ,4 ,6 -Me 3 C 6 H 2 )3 , 20.

To a stirred solution of CuMes (1.09g,

6

mmol, 4.5 equiv) in 20 mL of toluene

was added a solution of 19 (l.OOg, 1.3 mmol, 1 equiv) in 20 mL of toluene. The solution
was stirred for 5 minutes in which time the colour of the solution turned from pale yellow
to orange. The solvent was then removed under vacuum. The residue was extracted with
60 mL of pentane and filtered through Celite. The volume of pentane was then reduced
to 30 mL. [P(CH2 NArCF3 )3 ]2 Cu9 (|j.-2 ,4 ,6 -Me3 C6 H 2 ) 3 crystallized out of pentane as a pale
orange solid at -40°C in a 54% yield.

Redissolving the solid into pentane at lesser

concentrations allowed for the isolation of X-ray quality crystals of the product. *H NMR
(C7 D8 , 243 K, 300 MHz) assigned using 'H -'H COSY and NOESY and identified by the
crystal structure atom labels:

8

1.75 (s, 3H, C //3, Mes-p-C71), 2.01 (s, 6 H, CH3, Mes-p-

C62), 2.20 (s, 6 H, CH3, Mes-o-C63), 2.41 (s, 6 H, Mes-o-C70), 2.63 (s, 6 H, Mes-o-C61),
3.24 (overlapping, 4H, C/fc-H3a/H2a), 3.51 (d, 2H, 2JHH= 13.5 Hz, CHr la), 3.63 (d, 2H,
2

Jhh= 13.5 Hz, C H rlb), 3.78 (d, 2H, 2 JHH= 13.5 Hz, CH2-3b), 4.10 (2H, 2 JHh= 13.5 Hz,

CH2-2b), 6.15 (s, 2H, terminal N-o-H), 6.24 (s, 2H, Mes-m-H59), 6.30 (s, 2H, Mes-mH 6 6 ), 6.56 (s, 2H, Mes-m-H57), 6.90 (s, 2H, terminal N-o-H), 7.26 and 7.27 (s, 3H total,
bridging N-p-H and terminal N-p-H), 7.30 (overlapping s, 8 H total, bridging N-o-H), 7.44
(s, 2H, bridging N-p-H). 13P {•H} NMR (C6 D6, 298 K, 121.5 MHz): 5 9.23 (s). 19F NMR
(C7 D8, 228 K, 282.48 MHz): 5 14.78 (s, 6 F), 15.20 (br s, 12F, non-terminal aryl CF3),
15.30 (s, 6 F), 15.42 (s, 6 F). Anal. Calc’d for C8,H66Cu9F36 N6P2 : C, 39.85; H, 2.73; N,
3.44. Found: C, 39.98; H, 2.50; N, 3.40. UV/VIS: s = 33980.3 L m o l 'W 1. XnuK= 373
nm. Lemit = 418 nm.
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9. Results and Discussion

9.1. Synthesis of a CU9 Amido Complex

Through the reaction of the [P(CH2NArCF3)3]H3, 19, with mesitylcopper in a 1:1
31 1
ratio, the P{ H} NMR spectrum showed the production of one major product with a
chemical shift of -3.33 ppm. However, this compound was found not to be stable and
decomposed within a few hours in solution at both room temperature and at -40°C. This
product was not able to be isolated. A second signal in the ^ { 'H } NMR spectrum was
also observed in the reaction as well, and proved to be more thermally stable.

The

reaction was then attempted using varying amounts of mesitylcopper in an attempt to
optimize the reaction. It was determined that the correct ratio for this reaction was 2
equivalents of 19 and 9 equivalents of mesitylcopper (Figure 41). The reaction was found
to occur rapidly and was stirred for approximately 5 minutes, or until the pale yellow
solution turned a vibrant orange colour.

Stirring for longer periods of time lead to a

darkening of the solution to brown and a loss in yield. The product of this reaction was
found to be the more thermally stable product, [P(CH2 NArCF 3 )3 ]2 Cu9 (|j.-2 ,4 ,6 -Me3 C 6 H2 )3 ,
20. Complex 20 could be isolated from recrystallization from pentane at -40 °C as bright
orange crystals in yields of 54%. Ligands with Arx substituents of C6 H 5 and CeH3 -3 ,5 (CH3 ) 2 were also reacted with mesitylcopper in hopes of forming a cluster. However, the
ligands with these substituents were found not to work in the same manner of 19.
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ArCF=

6 MesH

A r CF>
MesH =1,3,5-trimethylbenzene

16

ArCFa= C6H3-3,5-(CF3)2

Figure 41. Reaction o f 19 and mesitylcopper to produce 20.

Complex 20 was found to be much more stable than the initial product that was
formed in the 1:1 ratio reaction. It was found to be stable as an orange solid or in solution
at -40 °C for long periods of time. When left at room temperature for extended periods of
time, 20 was found to decompose, which is visible in its colour change from orange to
brown. The reaction and isolation of 20 can be done in pentane. Complex 20 is found to
be moderately soluble in pentane, which is unusual for transition metal clusters. The use
of pentane for this reaction, aids in the simplicity of the formation and isolation of 20.
The solid state structure is shown in Figure 42. Selected bond lengths and angles are
shown in Table 11.

Figure 42. ORTEP depiction of 20. Hydrogen atoms, 1,3,5 methyl substituents o f mesityl groups and
contacts between central copper, C u l, and outer copper atoms have been omitted for clarity. For the
ArCFj substituents, only the ipso carbon is shown.
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Table 11. Selected bond lengths and bond angles for 20.

Atom

Atom

Distance

Cu(l)

P(l)

Cu(l)

(A)

(A)

Atom

Atom

Distance

2.215(2)

C(73)

Cu(8)

1.967(7)

P(2)

2.214(2)

Cu(8)

Cu(9)

2.4884(13)

Cu(l)

Cu(7)

2.7576(13)

Cu(8)

N(3)

1.964(6)

Cu(l)

Cu(3)

2.8831(12)

Cu(7)

N(3)

1.933(6)

Atom

Atom

Atom

Angle O

P(l)

Cu(l)

P(2)

154.51(8)

Cu(6)

Cu(5)

Cu(4)

94.37(4)

Cu(2)

Cu(3)

Cu(4)

94.65(4)

Cu(3)

Cu(4)

Cu(5)

161.53(5)

Two of the ligands sandwich a central zig-zagged core o f eight copper atoms,
along with one central copper atom. The central copper atom, Cu(l), is bond to two
phosphine donors. The remaining eight copper atoms are attached to the amido donor
groups of the ligands. The framework of these eight copper atoms is reinforced by their
bonding to three mesityl groups, as well as the central copper atom, Cu(l). Examination
of the structure o f 20, shows that while it contains no crystallographic symmetry, it does
have an approximate C2 symmetry.
This structure also contains two terminal amido-copper bonds, N(l)-Cu(2) and
N(4)-Cu(9). These types o f bonds are unusual and have only been found in a couple of
other cases, through the work of Gunnoe et al.75,76. The complexes they report contain
terminal amido-copper bonds, but are monomeric copper complexes, not clusters. Further
examination of the terminal amido groups, show that they also posses short bond lengths
to the ipso carbon they are attached to. For example, the N(l)-C(4) bond length distance
is 1.372(9) A. This length corresponds with that of a terminal amido-copper complex75,
which had a reported N-C bond length distance of 1.354(9) A. Typical N-C bond lengths
for this type of bond are approximately 1.41 A. The reasoning behind this shortening of
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the N-C bond is likely due to the delocalization of the lone pair of electrons of the amido
group into the aromatic ring system. This occurs because of the antibonding interactions
of the occupied d-orbitals of the metals causing a destabilization of the lone pair. The 71

-

system of the aromatic rings in 20 that are associated with the terminal amido fragment,
are found to overlap with the lone electron pair on the terminal amide.
The layout of the copper chain in 20 is very well organized. The central copper
atom, Cu(l), is not only attached to the two phosphine donors of the ligands, but has short
contacts to all o f the other copper atoms in the system, except for Cu(5) and Cu(6). These
contacts are not classified as actual bonds however, due to the fact that they range
anywhere from 10-15% longer than the true Cu-Cu bonds, like those found in the zig-zag
chain.

For example, the Cu(3)-Cu(4) bond length from the chain is 2.4812(12) A,

whereas the contact from Cu(l) to Cu(7) is 2.7576(13) A. The Cu(l)-Cu(5) distance is
3.8634(12) A. This distance is much longer than that of the other contacts and therefore it
is determined that no interaction is occurring between those two atoms. The Cu(l)-Cu(6)
distance is also quite large at 3.8667(12) A, and thus the same conclusion is drawn for
any possible interactions.
Complex 20 was also found to crystallize out of pentane as a dioxane-bridged
dimer, 21 (Figure 43). 1,4-dioxane is used during the preparation o f mesitylcopper, and if
the mesitylcopper is not dried sufficiently, 1,4-dioxane can remain in the product. The
solid-state molecular structure of 21 can be seen in Figure 44. Selected bond lengths can
be found in Table 12. Complex 21 shows an accommodation of the Cu(6)-0(1) bond by
the lengthening o f the Cu(6)-Cu(7) bond from 2.5126(12) A in the monomeric complex
20, to 2.540(2) A in 21. The Cu(6)-0(1) bond is also found to be quite long, with a
length of 2.557 A.
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Figure 43. Dioxane-bridged dimer o f 20, complex 21.

Figure 44. O R T E P depiction o f 21. Hydrogen atoms and contacts between central copper, C u l, and
outer copper atom s have been omitted for clarity. For the ArCFj and mesityl substituents, only the
ipso carbon is shown.
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Table 12. S elected bond lengths for 21.

A tom

Atom

Distance

C u(6)

Cu(7)

C u(6)

N(5)

(A)

Atom

Atom

Distance

2.540(2)

Cu(5)

Cu(6)

2.454(3)

1.964(12)

Cu(6)

C(64)

1.982(14)

(A)

9.2. Assignm ent of NMR Spectroscopy Peaks for 20

The 500 MHz 'H NMR spectrum of 20 at room temperature was difficult to assign
because it consisted of mainly unidentifiable, broad signals. By cooling down the sample
to 273 K, well defined peaks and coupling were observed. Various NMR spectroscopy
techniques were utilized in assigning the JH spectrum, including 1-D homonuclear
decoupling experiments and 2-D experiments, such as 'H -‘H COSY (Figure 45) and
EXSY/NOESY (Figure 47) NMR experiments. It was found that in the 'H -'H COSY
spectrum long-range couplings in the low temperature spectrum were observed between
the aromatic protons which were 4-bond couplings, whereas the shorter 2-bond couplings
o f the methylene protons located on the ligand were not as easily detectable.
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Figure 45. 500 M Hz ‘H -‘H COSY spectrum o f 20 at 243 K in C7D8.

In order to properly assign the methylene protons, 1-D homonuclear decoupling
was used. In this NMR spectroscopy technique, a specific proton resonance was pulsed.
If the pulsed proton resonance was coupled to any other proton resonance in the
spectrum, the coupled proton resonance would lose its multiplicity. An example of this is
shown in Figure 46. The upper spectrum shows the regular *H NMR spectrum for the
methylene region of 20. It can be seen that these proton peaks are all doublets indicating
that they are coupling to another one of the methylene protons. The lower spectrum
shows the 1-D homonuclear decoupling spectrum. The sharp line marked pulsed in the
figure, represents the methylene proton at 3.63 ppm that had been targeted. It can be seen
that the proton resonance at 3.51 ppm must be coupled to the proton whose resonance had
been pulsed, since the peak at 3.51 ppm is no longer a doublet since the coupling to the
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pulsed proton signal has been removed from detection. The same process was repeated
for the other methylene groups as well. It was determined that the methylene protons in
the overlapped resonance at 3.24 ppm were coupled and the protons with resonances at
3.78 ppm and 4.10 ppm were also coupled. The low temperature

COSY was then

used to assign the remaining peaks in the 'H NMR spectrum of 20.
The broad peaks at room temperature indicate that there are multiple fluxional
process observable in the !H NMR spectrum of 20. One of the fluxional processes could
be observed at near room temperature. This process resulted in both the CH2 proton
resonances and aryl proton resonances being exchange broadened. This indicates that the
complex is reaching for a higher level of symmetry than that of the approximate C2
symmetry. High temperature NMR spectroscopy was attempted on 20. However, since
20 is thermally unstable, it was no surprise that it readily decomposed upon heating. This
fluxional process was tested to see if it was an intramolecular or intermolecular process
by increasing the concentration of the sample. The ’H NMR spectrum with the increased
concentration did not change from that of the original concentration, thus precluding that
the process is intermolecular.
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Figure 46. TOP: 500 M Hz
NM R spectrum o f the methylene region o f 20. BOTTOM: 1-D
hom onuclear decoupling spectrum o f the methylene region o f 20.

The EXSY/NOESY spectrum of 20 (Figure 47) was the next spectrum that was
examined for more information into the exchange process that was occurring. However,
the spectrum provided little information due to the fact that the Overhauser effect cross
peaks and the exchange cross peaks appear to have the same phase in the spectrum, thus
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making them indistinguishable from one another.

This may have been expected to

happen in the case of 20 since it is a large molecule, and with large molecules the
rotational correlation time is also large, thus resulting in the peaks of both the NOESY
and the EXSY to have the same phase.

Figure 47. 500 MHz EXSY spectrum o f 20 in C7Dg at 273 K.
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*H spin-saturation transfer experiments were then performed on 20 in further
attempt to determine which protons are exchanging with eachother. In this experiment a
specific proton resonance is pulsed and disappears from the spectrum.

If the proton

resonance is exchanging with another proton, the resonance of the exchanging proton will
disappear as well. The spin-saturation transfer experiment was performed at 273 K and
showed that all of the ligand arms were in exchange in the fluxional process. The mesityl
substituents were also being exchanged.

In an attempt to determine that mechanism

causing this exchange, mesitylcopper was added to 20 in solution. After the addition,
there was no further line broadening observed in the 1 H NMR spectrum. This can rule
out the possibility of a dissociative mechanism involving the mesityl groups.
The second fluxional process that was observed by variable-temperature NMR
spectroscopy was that belonging to a pair of peaks undergoing coalescence in the
aromatic region. This fluxional process involves the 3,5-(CF3)2C6H3 substituent on the
ligand. This coalescence was found to represent a barrier to rotation that this group
experiences about the N-C bond, and the coalesced peaks are that of the ortho protons on
that ring. Using 'H NMR spectra from various temperatures, the barrier of rotation was
calculated to be 24 kJ/mol. The Arhenius plot used for this calculation is shown in Figure
48.

y=-2887.4x + 18.344

0 .0 0 3

0 .0 0 3 2

0 .0 0 3 4

0 .0 0 3 6

0.0 0 3 8

0 .0 0 4

0.0 0 4 2

0 .0 0 4 4

0 .0 0 4 6

0.0048

1/T

Figure 48. Arrhenius plot for barrier o f rotation of terminal amide bond in 20.
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This group that is experiencing this barrier of rotation is the ArCF3 substituent
located on the terminal amide. This substituent experiences hindered rotation, whereas
the ArCF3 substituents on the non-terminal amides do not. The hindered rotation is the
result of the delocalization o f electrons on that aromatic ring. This delocalization causes
the N-C bond to exhibit some double bond character. The double bond character prevents
free rotation about the N-C bond. Free rotation can only occur about a N-C single bond.
The other ArCF3 substituents on the other aromatic rings do not have any such
delocalization effects since the bridging amides do not have any lone pairs of electrons.
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Figure 49. 500 M H z *H NM R spectroscopy resonance assignments for the mesityl region of 20.
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9.3. Absorbance and Luminescence Properties of 20
It is known that d10-d10 interactions can occur between metal centres that can
result in various excited states, due to metal to ligand, ligand to metal, metal centred, and
ligand centred charge transfers occurring52. The absorption spectrum was first run on
complex 20 and can be seen in Figure 52. This spectrum displays a A^ax of 373 nm,
which is at a typical wavelength for copper. There are three other peaks that are visible in
the absorption spectrum in the region between 190 nm and 290 nm. These peaks are in
the typical region for aromatic groups, and belong to the aromatic rings of the ligand
portion of complex 20. To confirm this, the absorption spectrum of 19 was also run.
Using Beer’s Law, the molar absorptive coefficient was then calculated to be s = 33980 L
mol'1 cm '1.
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Figure 52. Absorption spectrum for 20.
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The fluorescence of 20 was also examined. As seen in the emission spectrum,
Figure 53, 20 exhibits a A^mjt at 418 nm. The quantum yield in toluene was then
calculated to be O = 0.27. This is relative to the standard of 9,10-diphenylanthracene
with O = 0.90. This quantum yield value was somewhat lower than that of the amidobridged bimetallic copper(I) complex that had recently been reported by Peters and
Harkins68. Their complex exhibited an unusually high quantum yield. In THF, O = 0.67,
and in cyclohexane, O = 0.68 using the same fluorescein standard with O = 0.90. The
reason behind the lesser quantum yield for 20 in comparison to Peters’ complex likely lies
in the increased flexibility of 20 and the fact that the steric bulk of the ligand in 20 is
somewhat less than that of Peters’ complex. It should be noted however that there have
been emissive dinuclear copper systems reported before that of Peters’, however these
complexes have much shorter excited-state lifetimes or have long Cu-Cu distances, which
result in small quantum yields.
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<D 300
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480
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Figure 53. Emission spectrum of 20.

9.4. Redox Properties
The presence of nine Cu(I) centres in an organized cluster, such as 20 would be
expected to have the potential to exhibit some redox properties. Cyclic voltammetry was
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performed on 20 in both dichloromethane and in THF with various voltages. However, as
seen in Figure 54, no redox reaction is found to occur with 20. This is surprising in that
there are so many copper(I) centre present in 20, and in such a well organized change,
that a redox reaction would have thought to have been quite likely. Looking back at
another bimetallic copper(I)-amido complex made by Peters’68, this complex was found
to have two reversible redox reactions occurring, as well as an irreversible redox reaction.
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Figure 54. Cyclic voltagram in CH2CI2 for 20.
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10. Conclusions
Through a novel ligand design, a ligand was synthesized that allowed bonding
interactions to occur through both amido and phosphorus donors.

The design of the

ligand also allows it to bind to more than one metal centre, making it a potential reactant
for forming organized transition metal clusters. Using the trifluoromethyl version of this
ligand, 19, a novel Cug amido complex, 20 was formed under ambient reaction
conditions. The eight copper(I) atoms in the cluster were found to be organized in a zig
zagged arrangement about a central ninth copper(I) atom.

This large cluster was

surprisingly moderately soluble in pentane. Attempting to use the phenyl and trimethyl
version of 19 to form a copper cluster under similar conditions failed. The strong electron
withdrawing capabilities of 19 are likely involved in the stabilization of the cluster.
UV/VIS, fluorescence, and cyclic voltammetry were performed on 20, however
no unusual behaviour was reported. The use of various NMR spectroscopy techniques
allowed the complex resonances in the *H NMR spectrum to be fully assigned, and also
aided in the determination of what fluxional processes were occurring 20.
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11. Future Work

Possible future work would include using other transition metals with 15 in an
attempt to create other transition metal clusters and fully characterize them. These metals
could include the rest of Group 11, such as silver and gold.
The reactivity o f 20 could also be explored to see if it could have any potential use
in forming perhaps larger cluster networks. Also, experiments could be done in further
attempt to isolate the unstable product that is initially formed from the 1:1 ratio reaction.
By being able to identify this compound, an insight into the mechanism in which complex
20 is assembled would be gained, as this complex would be the first step en route to the
formation of 20.
Other substituted versions of 19 could be reacted with the mesitylcopper to see if
similar results occurred. A whole series of these types ligands could be synthesized and
tested, not only with the late transition metals, but also early transition metals or mixed
late/early transition metal species. Similar characterization to that of 20 could be run on
any clusters that may form.
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Appendix A: Crystalographic Data
Table A.I. Crystal data and structure refinement for 3.
Identification code

3

Empirical formula

C36 H64 F4 Ni2 P4

Formula weight

814.17

Temperature

293(2) K

Wavelength

0.71073

Crystal system

Monoclinic

Space group

P 1 21/n 1

Unit cell dimensions

a=

A

11.139(8)

A

a=

90°.

b = 18.728(13)

A

(3= 93.116(14)°.

c = 20.017(14)

A

y:

90°.

A3

Volume

4170(5)

Z

4

Density (calculated)

1.297 Mg/m3

Absorption coefficient

1.097 mm-1

F(000)

1728

Crystal size

0.4 x 0.4 x 0.2 mm3

Theta range for data collection

2.04

Index ranges

- 12<=h<= 11, -20<=k<=20, -22<= l < f = 1 3

Reflections collected

14564

Independent reflections

5980 [R(int) = 0.1153]

Completeness to theta = 23.31°

98.9

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5 9 8 0 / 1 / 413

Goodness-of-fit on F2

0.801

Final R indices [I>2sigma(I)]

R1 = 0.0539, wR2 = 0.1068

R indices (all data)

R1 = 0.0971, wR2 = 0.1136

Largest diff. peak and hole

0.555 and -0.704

to 23.31°.

%
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Table A-2. Crystal data and structure refinement for 5.
Identification code

5

Empirical formula

C 1 8 H 3 3 F I2 Ni P2

Formula weight

642.89

Temperature

293(2) K

Wavelength

0.71073

Crystal system

monoclinic

Space group

P 1n 1

Unit cell dimensions

a = 8.9858(15)

A

A

a=

90°.

b = 12.415(2) A

p= 95.168(2)°.

c = 10.8491(18) A

y- 90°.

A3

Volume

1205.4(3)

Z

2

Density (calculated)

1.771 Mg/m3

Absorption coefficient

3.506 mm'1

F(000)

628

Crystal size

0.1 x 0.2 x 0.2 mm3

Theta range for data collection

1.64

Index ranges

-11 <=h<= 11,-15<=k<= 16, -14<= 1<=13

Reflections collected

13221

Independent reflections

5356 [R(int) = 0.0289]

Completeness to theta = 27.49°

98.8

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5 3 5 6 /2 /2 1 4

Goodness-of-fit on F2

1.099

Final R indices [I>2sigma(I)]

R1 = 0.0361, wR2 = 0.0877

R indices (all data)

R1 = 0.0447, wR2 = 0.0979

Absolute structure parameter

-0.03(2)

Largest diff. peak and hole

0.967 and -0.488

to 27.49°.

%
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Table A-3. Crystal data and structure refinement for 7.
Identification code

7

Empirical formula

C ll H22 BrO Ni0.50 0 2 P

Formula weight

246.61

Temperature

293(2) K

Wavelength

0.71073 A

Crystal system

Monoclinic

Space group

P 1 21/n 1

Unit cell dimensions

a =11.174(3)
b = 9.859(2)

A

A

c = 12.448(3)

A

a=

90°.

p=

102.829(3)°.

y = 90°.

A3

Volume

1337.1(5)

Z

4

Density (calculated)

1.225 Mg/m3

Absorption coefficient

0.868 mm'1

F(000)

532

Crystal size

0.3x 0.3 x 0.3 mm3

Theta range for data collection

2.22 to 28.23°.

Index ranges

-14<=h<= 14, -13<=k<= 13, -16<= 1<=16

Reflections collected

14549

Independent reflections

3127 [R(int) = 0.0432]

Completeness to theta = 28.23°

94.8

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3 1 2 7 /0 /1 3 8

Goodness-of-fit on F2

1.079

Final R indices [I>2sigma(I)J

R1 =0.0325, wR2 = 0.0819

R indices (all data)

R1 = 0.0460, wR2 = 0.0978

Largest diff. peak and hole

0.377 and -0.385

%
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Table A-4. Crystal data and structure refinement for 10.
Identification code

10

Empirical formula

C36 H90 N2 Ni2 P6

Formula weight

854.34

Temperature

133(2)K

Wavelength

0.71073

Crystal system

Trigonal

Space group

R -3 c

Unit cell dimensions

a = 16.9887(12)

A

a = 9 0 °.

b = 16.9887(12)

A

0= 90°.

A

c = 28.808(4)

A

y = 120°.

A3

Volume

7200.6(12)

Z

6

Density (calculated)

1.182 Mg/m3

Absorption coefficient

1.009

F(000)

2796

Crystal size

0.30 x 0.30 x 0.20 mm3

Theta range for data collection

2.40 to 27.50°.

Index ranges

-21<=h<=21, -21<=k<=22, -36<=1<=36

Reflections collected

25598

Independent reflections

1840 [R(int) = 0.0531]

Completeness to theta = 27.50°

99.7 %

Absorption correction

None

Max. and min. transmission

0.8237 and 0.7517

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1 8 4 0 /0 /6 9

Goodness-of-fit on F2

1.113

Final R indices [I>2sigma(I)]

R1 = 0.0564, wR2 = 0.1235

R indices (all data)

R1 =0.0621, wR2 = 0.1268

Largest diff. peak and hole

2.747 and -0.519e.A -3

mm-1
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Table A-5. Crystal data and structure refinement for 11.
Identification code

11

Empirical formula

C30 H62 F2 Ni2 P4

Formula weight

702.10

Temperature

173(2) K

Wavelength

0.71073

Crystal system

Monoclinic

Space group

P 21/n

Unit cell dimensions

a=

A

11.6003(14)

A

ct= 90°.

b = 18.254(2)

A

(3= 91.6470(10)°.

c = 17.654(2)

A

y

= 90°.

A3

Volume

3736.7(8)

Z

4

Density (calculated)

1.248 Mg/m3

Absorption coefficient

1.206 mm-1

F(000)

1504

Crystal size

0.4 x 0.3 x 0.2 mm3

Theta range for data collection

1.61 to 27.50°.

Index ranges

-15<=h<= 14, -23<=k<=23, -22<= 1<=22

Reflections collected

41409

Independent reflections

8470 [R(int) = 0.0364]

Completeness to theta = 27.50°

98.8 %

Max. and min. transmission

0.786 and 0.666

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

8470 / 0 / 343

Goodness-of-fit on F2

1.105

Final R indices [I>2sigma(I)]

R1 = 0 .0 4 1 7 , wR2 = 0.0937

R indices (all data)

R1 = 0.0523, wR2 = 0.0996

Largest diff. peak and hole

0.695 and -0.267

e.A '3
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Table A-6. Crystal data and structure refinement for 13.
Identification code

13

Empirical formula

C36 H46 F6 Ni3 P3

Formula weight

861.77

Temperature

496(2) K

Wavelength

0.71073

Crystal system

Monoclinic

Space group

P 1 21/n 1

Unit cell dimensions

a = 12.420(3)

A

a:

90°.

b = 14.719(3)

A

P=

95.076(4)°.

c = 21.426(5)

A

y-

90°.

A

A3

Volume

3901.8(15)

Z

4

Density (calculated)

1.467 Mg/m3

Absorption coefficient

1.609 mm-1

F(000)

1780

Crystal size

0.4 x 0.4 x 0.3 mm3

Theta range for data collection

1.83 to 27.50°.

Index ranges

-16<=h<=15, -19<=k<= 19, -27<= 1<=27

Reflections collected

37187

Independent reflections

8938 [R(int) = 0.0264]

Completeness to theta = 25.00°

99.9

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

8 9 3 8 /0 /4 2 8

Goodness-of-fit on F2

1.045

Final R indices [I>2sigma(I)]

R1 = 0.0447, wR2 = 0.1304

R indices (all data)

R1 = 0.0543, wR2 = 0.1395

Largest diff. peak and hole

1.523 and -0.791

%
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Table A-7. Crystal data and structure refinement for 14.
Identification code

14

Empirical formula

C30 H52 F4 Ni2 P4

Formula weight

730.02

Temperature

143(2) K

Wavelength

0.71073

Crystal system

Monoclinic

Space group

C 1 2/c 1

Unit cell dimensions

a= 19.554(3) A

a: 90°.

b = 28.676(4) A

P= 117.329(2)°.

A

c = 13.883(2)

A

y-

90°.

A3

Volume

6916.1(18)

Z

8

Density (calculated)

1.402 Mg/m3

Absorption coefficient

1.314 mm'1

F(000)

3072

Crystal size

0.18 x 0.10 x 0.03 mm3

Theta range for data collection

1.37 to 25.00°.

Index ranges

-23<=h<=23, -34<=k<=34, -16<= 1<=16

Reflections collected

30414

Independent reflections

6039 [R(int) = 0.0911]

Completeness to theta = 25.00°

98.9

Absorption correction

None

Max. and min. transmission

0.9616 and 0.7978

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

6 0 3 9 /0 /3 7 3

Goodness-of-flt on F2

1.064

Final R indices [I>2sigma(I)]

R1 = 0 .0 7 1 8 , wR2 = 0.1358

R indices (all data)

R1 = 0.1091, wR2 = 0.1482

Largest diff. peak and hole

0.967 and -0.501

%
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Table A-8. Crystal data and structure refinement for 16.
Identification code

16

Empirical formula

C24 H38 Ni P2

Formula weight

447.19

Temperature

173(2) K

Wavelength

0.71073 A

Crystal system

Tetragonal

Space group

I 41/a

Unit cell dimensions

a = 11.0586(19) A

ct= 90°.

b = 11.0586(19) A

p= 90°.

c = 38.711(13) A

Y = 90°.

Volume

4734(2) A3

Z

8

Density (calculated)

1.255 Mg/m3

Absorption coefficient

0.961 mm'1

F(000)

1920

Crystal size

0.3 x 0.2 x 0.1 mm3

Theta range for data collection

2.43 to 28.22°.

Index ranges

-14<=h<= 14, -14<=k<= 14, -49<=1<=51

Reflections collected

26317

Independent reflections

2846 [R(int) = 0.0524]

Completeness to theta = 27.50°

99.7 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2846 / 0 / 123

Goodness-of-fit on F2

1.148

Final R indices [I>2sigma(I)]

R1 = 0.0387, wR2 = 0.0878

R indices (all data)

R1 = 0.0464, wR2 = 0.0924

Largest diff. peak and hole

0.434 and -0.240 e.A'3
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Table A-9. Crystal data and structure refinement for 17.
Identification code

17

Empirical formula

C 26H 14F 4

Formula weight

402.37

Temperature

293(2) K

Wavelength

0.71073

Crystal system

Monoclinic

Space group

P 1 21/n 1

Unit cell dimensions

a = 11.237

A

b = 8.980

A

ct= 90°.

A

c = 18.729

(3= 94.40°.

A

y-

90°.

A3

Volume

1884.4

Z

2

Density (calculated)

0.709 Mg/m3

Absorption coefficient

0.055 mm*1

F(000)

412

Crystal size

0.5 x 0.5 x 0.4 mm3

Theta range for data collection

2.05

Index ranges

-14<=h<=14, -1 l<=k<=l 1, -24<= 1<=24

Reflections collected

20176

Independent reflections

4276 [R(int) = 0.0447]

Completeness to theta = 27.49°

98.8

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4 2 7 6 / 0 / 121

Goodness-of-fit on F2

0.982

Final R indices [I>2sigma(I)]

R1 = 0.1691, wR2 = 0.3848

R indices (all data)

R1 = 0.2052, wR2 = 0.4068

Largest diff. peak and hole

0.964 and -0.997

to 27.49°.

%
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Table A -10. Crystal data and structure refinement for 20.
Identification code

20

Empirical formula

C384 H396 Cu36 F144 N 24 P8

Formula weight

10615.64

Temperature

173(2) K

Wavelength

0.71073

Crystal system

Monoclinic

Space group

P21/c

Unit cell dimensions

a = 20.570(3)

A

a=

90°.

b = 21.151(3)

A

P=

119.442(8)°.

c = 28.401(3)

A

y=

90°.

A

A3

Volume

10761(2)

Z

1

Density (calculated)

1.638 Mg/m3

Absorption coefficient

1.880 mm’1

F(000)

5327

Crystal size

0.2 x 0.2 x 0.05 mm3

Theta range for data collection

2.24 to 25.00°.

Index ranges

-24<=h<=24, -25<=k<=25, -33<= 1<=33

Reflections collected

101105

Independent reflections

18926 [R(int) = 0.1007]

Completeness to theta = 25.00°

99.9

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.910 and 0.693

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1 8 9 2 6 /4 9 / 1308

Goodness-of-fit on F2

1.095

Final R indices [I>2sigma(I)]

R1 = 0.0752, wR2 = 0.1667

R indices (all data)

R1 = 0.1090, wR2 = 0.1840

Largest diff. peak and hole

1.270 and -0.898

%
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Table A -l 1. Crystal data and structure refinement for 21.
Identification code

21

Empirical formula

C100 H103 Cu9 F36 N 6 O P2

Formula weight

2722.68

Temperature

140(2) K

Wavelength

0.71073

Crystal system

Monoclinic

Space group

P21/n

Unit cell dimensions

a = 16.730(3)

A

cx=90°.

b = 23.713(4)

A

(3= 99.43 8(2)°.

c = 31.315(5)

A

y = 90°.

A

Volume

12255(4) A 3

Z

4

Density (calculated)

1.476 Mg/m3

Absorption coefficient

1.653 mm'1

F(000)

5472

Crystal size

0.2 x 0.2 x 0.05 mm3

Theta range for data collection

1.56 to 25.00°.

Index ranges

-19<=h<= 19, -28<=k<=28, -37<=1<=37

Reflections collected

115745

Independent reflections

21535 [R(int) = 0.1007]

Completeness to theta = 25.00°

99.8

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.921 and 0.726

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2 1 5 3 5 /5 4 / 1233

Goodness-of-fit on F2

1.050

Final R indices [I>2sigma(I)]

R1 = 0.0809, wR2 = 0.2146

R indices (all data)

R1 =0.1390, wR2 = 0.2565

Largest diff. peak and hole

1.704 and -0.915e.A -3
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